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THE EFFECT OF VARIATION IN FILTRATION 
RATE ON THE URINARY CONCENTRATING 
MECHANISM IN THE SEAL, PHOCA 
VITULINA L. 


LOT B. PAGE, J. C. SCOTT-BAKER,’ G. A. ZAK,? E. L. BECKER 
AND C. F. BAXTER * 


Department of Physiology, New York University College of Medicine, New York 
and the Mt. Desert Island Biological Laboratory, Salisbury Cove, Maine 


TWO FIGURES 


In man, the maximal attainable osmotic U/P ratio is 3.6 to 
4.2 (Smith, 51). This degree of concentration can only be 
achieved when the quantity of excreted solute is very small 
(Gamble, Butler, ’44; Smith, 51). As the quantity of solute 
claiming excretion is increased by solute loading, the maximal 
attainable osmotic U/P ratio decreases and approaches 1.0 as 
a limiting asymptote (Hervey, McCance and Tayler, °46; 
Rapoport, Brodsky, West-and Mackler, ’49). It has been shown 
that during substantial osmotic diuresis the osmotic concen- 
tration of the urine is not influenced by the chemical or ionic 
nature of the contained solutes, but depends on the total quan- 
tity of osmotically active material destined for excretion (Her- 
vey et al., 46; Rapoport et al., ’49). 

Recent studies on the nature of the concentrating mechanism 
(Wesson and Anslow, °52; Ladd, 52; Page and Reem, ’52) 
have indicated that hypertonic urine may be elaborated by the 
operation of a reabsorptive process which is independent of 
facultative (distal) water reabsorption and which removes a 
small quantity of water, limited in rate, from an isosmotic 
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* Research Fellow U.S. Army Shock Project. 
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tubular fluid. This process (the concentrating mechanism) has 
been termed T°y.9 by Wesson and Anslow (752). 

In the harbor seal, Phoca vitulina, Smith (’86) reported 
freezing point depressions of the urine ranging as low as 
A= — 3.988°C. in a fasting animal. Assuming a plasma 0Os- 
molarity of 330 mosm/liter, this would represent an osmotic 
U/P ratio of 6.5. The urinary concentrating mechanism thus 
appears to be highly developed in this species. In the seal, the 
filtration rate may be markedly elevated by feeding (Hiatt and 
Hiatt, 42) and greatly reduced by excitation of the diving re- 
flex (Bradley and Bing, ’42). This species therefore affords an 
opportunity to study the effect on the concentrating mechanism 
of wide variation in filtration rate during solute loading. 


METHODS 


The animals used in the study consisted of 2 male and 4 
female seals, captured shortly after weaning and ranging in 
weight from 17 to 24 kg. They were kept in open cages par- 
tially immersed in sea water and were fed with fresh herring. 
Supplementary multivitamin therapy was given by intramus- 
cular injection two to three times a week, and intramuscular 
injections of penicillin were given following each experiment 
to prevent the development of cutaneous abscesses at vene- 
puncture sites. At first, attempts were made to produce os- 
motie diuresis by means of urea and hypertonic mannitol solu- 
tions. However, death resulted early in the experiment in all 
cases.° It therefore became necessary to carry out the experi- 
ment with saline diuresis which the animals could tolerate 
without ill effects. 

During the experiment the seal was strapped on an animal 
board. Infusions were given by a constant infusion pump 
through a plastic catheter lying in a flipper vein. After a 30- 

+ We are indebted to Mr. P. Goggins, Fisheries Research Station, Boothbay Har- 
bor, Maine, for supplying the animals used in this study. 

* After administering intravenous urea solutions in isotonic saline, death appar- 


ently resulted from massive hemolysis. Following intravenous mannitol solutions, 
death was attended by nystagmus and convulsions. 
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minute equilibration period, during which creatinine solution 
was infused at 1.5 em*/minute, 1000 to 1800 em® of 0.9% NaCl 
solution were administered at a rate of 40 em*/minute, and 
urine collections were taken at 10- to 20-minute intervals dur- 
ing the ensuing diuresis. Highty to 150 mU/hour of Pitressin 
were administered throughout the experiment either by con- 
stant infusion or by repeated intravenous injections, to assure 
maximal osmotic concentration. In view of Ladd’s reports 
(751) that in man copious excretion of sodium and water is in- 
duced if subjects are prehydrated by the ingestion of large 
amounts of water 8 to 13 hours before infusing NaCl solution, 
attempts were made in three experiments to reproduce this 
phenomenon in the seal. In such experiments, 1000 to 1500 em’ 
of tap water were administered by stomach tube 8 to 13 hours 
before the experiment. In 7 experiments 40 to 80 mg of Thio- 
merin (Campbell Pharmaceutical Company, New York) were 
administered intravenously at the beginning of the experiment, 
in an attempt to induce an increased excretion of sodium. In 4 
additional experiments, both prehydration and Thiomerin 
were used. 

Urine collection was obtained in females by means of an in- 
lying bladder catheter. The males, which could not be catheter- 
ized, were placed in a prone position with the urinary papilla 
lying over a funnel through which they voided into graduated 
cylinders at 10- to 20-minute intervals. The bladder was not 
rinsed with distilled water because of the uncertainty of the 
diluting effect on the osmotic activity of the urine, as deter- 
mined by freezing point depression. Venous blood was drawn 
at appropriate intervals into syringes moistened with heparin. 

To determine the osmotie U/P ratio during oliguria, bladder 
urine and heparinized venous blood were collected after fast- 
ing the animals for 12 to 18 hours. Freezing point depressions 
of the urine and plasma samples were determined as described 
below and the osmotic U/P ratios calculated from these data. 

The diving reflex was elicited by closing the nostrils with a 
cone placed over the snout. Periods of ‘‘diving’’ were inter- 
rupted from time to time to permit the animal to breathe. 


260 LOT B. PAGE AND OTHERS 


The filtration rate was measured by the exogenous creatinine 
clearance (Smith, ’36), creatinine being determined by the 
method of Bonsnes and Taussky (’45). The freezing point 
depression of urine and plasma was determined by the method 
described by Wesson (’52) using a Leeds and Northrup 
Wheatstone Bridge and a Western Electric Thermistor, no. 
14B. Sodium and potassium were determined with a Perkin- 
Kilmer flame spectrophotometer, model 52A, using a propane 
flame. Urea was determined by the hypobromite method of 
Van Slyke and Kugel (’33), chloride by iodometric titration 
(Van Slyke and Hiller, ’47), and plasma protein by the copper 
sulfate method of Van Slyke et al. (’50). 

The osmolarity of plasma and urine was calculated as freez- 
ing point depression in degrees centigrade divided by 1.86, the 
molal freezing point depression of an ideal solute. Because the 
plasma protein concentration varied during the experiment, 
the filtration rate of water is calculated as wCy, where w—1 
—the plasma protein concentration in gm/em*. 


RESULTS 


The freezing point depression of plasma in fasting animals 
ranged from 0.545 to 0.614°C., equivalent to 293 to 340 mosm/1, 
and averaging 330 mosm/1. 

To approximate the maximal osmotic U/P ratio during 
oliguria this value was determined 9 times in 4 seals after 
fasting the animals for 12 to 18 hours. The values ranged from 
4.67 to 5.96 and averaged 5.60. 

Saline diuresis experiments were carried out 6 times in one 
female (seal no. 1) and 7 times in one male (seal no. 2). Single 
experiments in each of 4 other seals gave similar results and 
will not be reported in detail. Results of typical diving experi- 
ment are shown in figure 1 and table 1. All values are ex- 
pressed in terms of kidney weight. In the data on seal no. 1, 
the filtration rate varied from 11.8 to 128 em*/minute per 100 
em kidney weight. The lowest values were obtained during ex- 
citation of the diving reflex, and the highest values 2 to 4 hours 


URINARY CONCENTRATING MECHANISM IN SEAL 261 


after a fish meal. Diving experiments were not carried out in 
males because they could not be induced to void during the 
period of low urine flow. In the data on seal no. 2, therefore, 
the lowest filtration rates were obtained after a 12- to 18-hour 
fast. In this animal, the filtration rate varied from 50 to 121 
em®/minute per 100 gm kidney weight. With saline diuresis, 
it proved impossible to induce excretion rates of solute greater 
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Fig. 1 Variations in renal function during excitation of the diving reflex. 
Diuresis had been established before zero time by administering 40 mg of Thiomerin 
and the infusion of 0.9% NaCl at 40 em’/minute. The data are corrected to 100 gm 
kidney weight. Further data from this experiment are given in table 1. 
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than 16 to 18% of the filtered load. These high excretion rates 
were obtained with a combination of ‘‘prehydration’’ and 
Thiomerin. However, our data do not afford any evidence re- 
garding the effect of either prehydration or Thiomerin on the 
excretion of NaCl as such. 

As in man (Hervey et al., 46; Rapoport et al., ’49) the os- 
motic U/P ratio declined toward 1.0 as the urine flow increased 
during osmotic diuresis. These variations in osmotic U/P 
ratio are poorly correlated with filtration rate, but are well 
correlated with variations in the quantity of solute excreted, 
expressed as the osmolar clearance (C,,,). This value was 
calculated from the osmolarity of plasma and urine as deter- 
mined by freezing point depression, and represents the isos- 
motic equivalent, in cm*/minute, of all the osmotically active 
material excreted in the urine. 
USEAN: 


Cc si 
P osm 


(1) 
Since physiological doses of Pitressin were given in these 
experiments, the urine was always hypertonic and the osmolar 
clearance was greater than the urine flow. The difference be- 
tween C ,.., and V represents, in cm*/minute, the quantity of 
water which would have to be reabsorbed from an isosmotic 
tubular fluid to produce the degree of osmotic concentration ob- 
served in the urine. This quantity has been called T*y.o by 


Wesson and Anslow (752): 
U osm V 


TH00 wt 
BP. osm 


_v (2) 


In figure 2, T*,,.0 is plotted against C..m At the lowest 
values of C,,,,, the data fall on or near the linear regression line 
representing the average oliguric osmotic U/P ratio of 5.6; at 
higher values of C ,., the osmotic U/P ratio decreases, and the 
data on both animals progressively deviate from this line. A 
constant (or maximal) value of T°y.9 was not observed in this 
study, although in the data on seal no. 1, T°q.0 appears to be 
approaching a constant value at the highest osmolar clearances 
attained. 
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DISCUSSION 


It has recently been suggested (Wesson and Anslow, 752; 
Smith, ’52) that water reabsorption by the kidney is parti- 
tioned into three moieties: a passive, isosmotic proximal proc- 
ess (obligatory water reabsorption); a passive, isosmotic 
distal process, activated by the antidiuretic hormone (faculta- 
tive water reabsorption); and the reabsorption of a small 
quantity of water without solute from a volume of tubular 
urine ordinarily grossly diminished in. bulk by the proximal 
and distal processes (concentrating mechanism). 

Accepting the hypothesis that obligatory and facultative 
water reabsorption are isosmotic processes under maximal 
ADH activation, the quantity of tubular fluid presented to the 
concentrating mechanism is C j.m. The work of Chesley (’38) 
indicates that when C ,,, 1s small, an osmotic gradient imposes 
a limitation on Ty,0, the quantity of water reabsorbed by the 
concentrating mechanism. In the seal, this osmotic ceiling is 
approximated by the averaged oliguric osmotic U/P ratio of 
5.6. This figure is substantially higher than the maximum os- 
motic U/P ratio in man (3.6 to 4.2) (Smith, 51) or the dog 
(4.5) (Page and Reem, ’52). 

Recent studies of the concentrating mechanism have indi- 
cated that when C ,.,, is increased T°}. is limited by a maximal 
rate. In a study of saline diuresis in prehydrated human sub- 
jects, receiving a constant infusion of Pitressin to maintain 
osmotic concentration, Ladd (’52) concluded that urine of 
variable hypertonicity with respect to sodium is elaborated by 
the removal of an essentially constant quantity of water from 
an isosmotic tubular fluid at all values of V/wC, 100 above 
3.0. This figure in Ladd’s data is 2.0 em*/100 em? of glomerular 
filtrate. In the dog, Page and Reem (’52) have shown that 
when C ,. increases to values above 14-16 em*/minute per 100 
om kidney weight, T°y.5 reaches approximately constant maxi- 
mal values of 3.8 and 5.4 em*/minute per 100 gm kidney weight, 
respectively, in the two dogs studied. It was not possible in 
either man or dog to vary the filtration rate over a sufficiently 
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wide range to determine whether T°y, is functionally related 
to the filtration rate, or limited by an absolute rate in em*/min- 
ute. However, in the dog it appeared that the filtration rate 
provided a better denominator for correlating data from dif- 
ferent individuals than kidney weight. 
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Fig. 2 Relationship between T°y,o and C. sm in 6 experiments on seal no. 1 
(top) and 7 experiments on seal no. 2 (bottom). Each point represents one clear- 
ance period. The data are corrected to 100 gm kidney weight. Variations in filtra- 
tion rate of 11.8 to 128 cm*/minute per 100 gm kidney weight in seal no. 1, and 
50 to 121 cm*/minute per 100 gm kidney weight in seal no. 2, could not be corre- 
lated with variations in T*y,0. 
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The relationship between C ,.m and T“y.9 in the seal (fig. 2) 
is similar to the relationship in the dog at values of C ... below 
the point at which T*y,9 becomes constant and maximal for 
that species. It seems probable that the basic mechanism is 
similar in both species, but that a maximum value for Ty. 
can be reached in the seal only at higher osmolar clearances 
than those attained in this study. The maximal values for 
T°y0o In these animals must be greater than 9.8 cm? and 11.5 
em® per 100 gm kidney weight for seals no. 1 and no. 2, re- 
spectively, as compared to 3.8 and 5.4 em? in the dog, as cited 
above. 

Since C ,.m is the quantity of water delivered to the concen- 
trating mechanism, C ,,, and T’y.9 are related as load and Tm 
are related with respect to reabsorptive mechanisms such as 
those for glucose and other substances. Our data indicate that 
there is a large splay in the ‘‘titration curve’’ for T°y,0 in the 
seal. This large splay is also seen in the dog (Page and Reem, 
52) but appears to be less marked in man (Zak, Brun and 
Smith, in preparation). 

As shown in figure 2, the concentrating operation, T°y.0, in- 
creases in proportion to the C ,.., (though at a rate somewhat 
less than that required to give a maximal osmotic U/P ratio). 
This proportionality could result from the circumstance that 
as C osm increases, a larger quantity of water is delivered to 
the reabsorption system, whether in a few or in many nephrons, 
cannot be determined. However, in view of the fact that ten- 
fold variations in the filtration rate in seal no. 1 and over two- 
fold variations in seal no. 2 did not disturb this positive corre- 
lation, we conclude that the functional relationship between 
load and water reabsorption is independent of the filtration 
rate, and by inference that the operation of the concentrating 
mechanism is intrinsically independent of the filtration rate. 

_ The question arises whether variations in filtration rate as- 
sociated with diving involve changes in the activity of all 
glomeruli, or changes in the number of active glomeruli. Hiatt 
and Hiatt (’42) demonstrated that glucose Tm remained con- 
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stant between the fasting and the postabsorptive state, though 
the filtration rate (and renal plasma flow) were almost doubled 
after feeding. We find that (during saline diuresis) at high 
filtration rates, the urea/creatinine clearance ratio averages 
0.59 in 4 experiments, indicating reabsorption of urea, presum- 
ably by passive reabsorption as in other species, a conclusion 
also reached by Ladd et al. (’51) in studies of water diuresis 
in the seal. This ratio decreased during diving (4 experiments) 
to the range of 0.28-0.39, which might be interpreted as indi- 
eating that glomerular activity was reduced throughout the 
kidney, affording more favorable circumstances for urea re- 
absorption; but no definite conclusion can be drawn on this 
point since the creatinine U/P ratio increased during diving, 
and we have no knowledge of the effect of changes in the 
creatinine U/P ratio on the urea/creatinine ratio. The ques- 
tion of the distribution of glomerular activity during diving 
therefore remains unanswered. 


SUMMARY 


1. The osmotic U/P ratio during oliguria was determined 
9 times in 4 seals after a 12- to 18-hour fast. Values ranged 
from 4.67 to 5.96 and averaged 5.60. 

2. Saline diuresis, with or without Thiomerin, was induced 
17 times in 6 seals. Pitressin was administered in physiological 
doses to maintain maximal osmotic concentration. Variations 
in filtration rate were induced by feeding and by eliciting the 
diving reflex. 

3. As the quantity of excreted solute (C ,..) increases, the 
quantity of water reabsorbed by the concentrating mechanism 
(T°y00) increases, though at a rate less than is required to 
maintain a maximal osmotic U/P ratio. At the highest values 
of C 4m. attained, in one seal, T°y.9 appeared to reach or ap- 
proach a maximal value; a maximal value was, however, not 
attained in the other animals. 

4. Variations of filtration rate of as much as tenfold fail to 
influence the proportional relationship between C ..m and 
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Tyo, and it is inferred that the operation of the concentrating 
mechanism is independent of the filtration rate. 
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ANAEROBIC NUTRITION OF SACCHAROMYCES 
CEREVISIAE 


II. UNSATURATED FATTY ACID REQUIREMENT FOR 
GROWTH IN A DEFINED MEDIUM ! 


A. A. ANDREASEN? AND T. J. B. STIER 


Department of Physiology, Indiana University, Bloomington 
ONE FIGURE 


It is well known that various strains of the yeast Saccharo- 
myces cerevisiae multiply to a very limited extent in media 
containing water soluble ingredients when the cultures are 
deprived of oxygen (Pasteur, 1879; A. Brown, ’05; H. Brown, 
14; Windisch, ’32; White and Munns, ’51). The scant ana- 
erobic growth that occurs has been attributed to cellular re- 
serves of oxygen or some oxidized material formed during 
previous growth in the presence of oxygen. 

It has been found, however, that very good anaerobic 
growth is obtained when ergosterol, solubilized in the sur- 
factant Tween 80, is employed in a defined medium (An- 
dreasen and Stier, 53). Ergosterol, or certain other sterols, 
was thus shown to be essential for anaerobic growth. It was 
subsequently discovered, however, that the Tween 80 was 
supplying another essential anaerobic nutrient, oleic acid. 
Thus, both ergosterol and oleic acid are required in the de- 
fined medium in order to obtain anaerobic growth. The pur- 
pose of this paper is to present experimental evidence for 
the essentiality of oleic acid or other unsaturated fatty acids 
for anaerobic growth. 

1This work was aided by a grant from Joseph E. Seagram & Sons, Ine. 

2Seagram Research Associate at the Laboratory of Cell Physiology, Indiana 
University, assigned by Joseph E. Seagram & Sons, Ine., Louisville, Kentucky, 
February, 1950. 
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EXPERIMENTAL PROCEDURE 


Yeast stram. All experiments were conducted with a dis- 
tillery type yeast; a haploid strain of S. cerevisiae, SC-1 
(DCL), obtained from Joseph E. Seagram and Sons, Ine., 
Louisville, Kentucky. 

Growth criterion. The number of yeast cells in a known 
dilution of culture was determined by direct count in a Neu- 
bauer chamber. All buds the size of the smallest independent 
cell were included in the count. The populations were ex- 
pressed as million (M) cells/ml. The samples were preserved 
by acidification and refrigeration prior to counting. 

Removal of oxygen. Anaerobic conditions were obtained 
by thoroughly flushing all experimental vessels and media 
with Linde ‘‘high-purity dry nitrogen.’’ The manufacturer 
claims an oxygen content of less than 20 ppm (or ca 0.01 mm 
Hg). 

Defined basal media, Three defined media were employed 
for both the inocula and the shake cultures. These media 
were modifications of Difco-Yeast Nitrogen Base, which was 
formulated by Wickerham (’51) for the classification of 
veasts. One of the preliminary media, designated Basal no. 1, 
differed from the commercial product in that (1) it was 
compounded from laboratory chemicals, (2) the phosphate 
concentration was increased to 0.3% and (3) the vitamins 
were doubled in concentration. Also, nicotinamide was ar- 
bitrarily substituted for niacin. 

The second medium, designated Basal no. 2, contained 
for the most part only ingredients that were found to be 
indispensable or stimulatory. It differed from Difco-Yeast 
Nitrogen Base in that (1) it contained more ammonium sul- 
fate, 0.7%, and phosphate, 0.3%, (2) the three amino acids 
were omitted and (38) only 5 of the vitamins were retained. 
The concentrations of the 5 vitamins were increased several 
fold as follows: biotin 8 X, pantothenate 8 xX, nicotinamide 
6 X, thiamine 4 & and pyridoxine 4 X. — 

The third, Basal no. 3, medium was employed for certain 
experiments because of its convenience. It consisted of Difco- 
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Yeast Nitrogen Base supplemented with increased concen- 
trations of phosphate and ammonium sulfate, as indicated 
for the Basal no. 2 medium, and a 5-fold increase in the 5 
essential vitamins. . 

In addition to these components, the media also contained 
12% glucose and 16 volume % of 0.3M sodium succinate 
buffer, pH 5.0. The final culture volume was always 25 ml. 

Inoculum. Inocula for the shake cultures were taken from 
an anaerobic culture unit and were used in an amount to give 
an initial population of ca 0.5—-0.7 M cells/ml. The anaerobic 
culture unit (Andreasen and Stier, ’53) is an all-glass ap- 
paratus that provides a regular supply of inoculum having 
a continuous anaerobic history. 

Management of anaerobic shake cultures, Anaerobic shake 
culture tests were conducted in all-glass equipment in the 
manner described by Andreasen and Stier (753). 

Inpid stock solution. The fatty acids were stocked as eth- 
anol solutions; for example, 0.705 gm oleic acid per 10 ml 
ethanol. When 0.1 m1 of this solution is used in 25ml of 
medium the final concentration is 282 pe or 1» mole oleic acid 
per milliliter of medium. 

The ergosterol stock solution was prepared by combining 
0.0625 em ergosterol and-6.25 ml of surfactant (see below) 
with sufficient ethanol to make 25 ml of solution. The ergos- 
terol was dissolved by boiling the mixture. The use of 0.1 ml 
of this solution in 25 ml of medium resulted in a final con- 
centration of 10 pg or 0.025 pu mole ergosterol per milliliter of 
medium. The alcohol introduced into the medium by the use of 
these lipid solutions did not have an adverse effect on the 
populations obtained. The alcohol concentration was held 
constant in testing the effect of graded amounts of lipid. 


EXPERIMENTAL RESULTS 


Experiments employing surfactants as sources of fatty 
acids. The requirement for unsaturated fatty acid in anae- 
robie nutrition was first demonstrated when various surfac- 
tants were employed for the solubilization of ergosterol. 
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Those employed were Tween 80 (monooleate ester), Tween 40 
(monopalmitate ester) and Tween 20 (monolaurate ester) 
obtained from the Atlas Powder Company, as well as the non- 
lipid agent, Triton WR1339 (arylalkyl polyether of phenol) 
obtained from the Rohm and Haas Company. Commercial 
grade fatty acids are used in the manufacture of the Tweens. 
The data obtained are shown in table 1. 


TABLE 1 


Surfactants as sources of fatty acids. Medium: Basal no. 1. Concentration of 
surfactants, 7 mg/ml; oleic acid, 4mg/ml; ergosterol, 70 ug/ml 


POPULATION POPULATION 


LIPID IN MEDIUM —————— LIPID IN MEDIUM SSS 
M cells/ml M cells/ml 
Oleic acid 8 Tween 20 14 
Tween 20 + ergosterol 48 
Tween 80 - Tween 20 + Tween 80 + 
Tween 80 + ergosterol 200 ergosterol 70 
Tween 40 + ergosterol 0 Tween 20 + oleic acid + 
Tween 40 + Tween 80 + ergosterol 132 
ergosterol 110 
Triton 3 
Triton + ergosterol 25 
Triton + Tween 80 + 
ergosterol 200 
Triton + oleie acid + 
ergosterol 200 


The following conclusions can be drawn from the data in 
table 1. (1) Neither the surfactants nor free oleic acid pro- 
duce significant growth when used separately. (2) When 
the surfactants are used to solubilize ergosterol, only the 
Tween 80-ergosterol combination produces good growth. (3) 
When Tween 20, Tween 40 or Triton are used to solubilize 
ergosterol, supplementation with Tween 80 or free oleic acid 
increase the population. These results show that the oleate 
molecule has a pronounced growth promoting effect under 
anaerobic conditions, but only if ergosterol is also present. 
The saturated fatty acids, laurate and palmitate, are virtu- 
ally inactive and appear to be toxic. 
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Experiments employing various fatty acids. It was of 
particular interest to examine various fatty acids for their 
relative growth promoting activity. Hormel Foundation high- 
purity acids were used, with the exception of crotonic acid 
(C.P.) and beta-hydroxybutyric acid (Matheson). All of 
the acids were employed at a suboptimal concentration of 
0.1» mole/ml of medium, while some of them were used at 
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Fig. 1 Activity of various fatty acids. Data were obtained using Basal no. 2 
or no. 3 media containing 20 ug/ml ergosterol solubilized with Triton, 2 mg/ml. 
Anaerobie inocula were prepared in similar media. 


eraded concentrations from 0.05 to 1.0) mole/ml. In each of 
these experiments Triton WR1339 was used to solubilize the 
ergosterol which was employed in the test media at the supra- 
optimal concentration of 20 ug/ml (0.05 mole/ml). The 
anaerobic inoculum was grown in a similar medium contain- 
ing optimal amounts of oleic acid and ergosterol. The popu- 
lations obtained represent the growth from a single sub- 
cultivation in Basal no. 2 or no. 3 media, and are given in 


figure 1. 
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The data presented in figure 1 permit several observations. 
First, it is apparent that only the unsaturated fatty acids 
are active. Furthermore, the 4 fatty acids that were tested 
at high concentrations produced stationary populations that 
are nearly equally great in magnitude. At suboptimal con- 
centrations, however, in the range of 0.05—0.3 u mole/ml, lino- 
lenie acid is less active than oleic and linoleic acids. It ap- 
pears, therefore, that three double bonds are less effective for 
growth than. one or two double bonds, when the acids are 
used in the suboptimal concentration range. 

It is also apparent from figure 1 that esterification of 
oleic acid to methyl oleate has an adverse effect on activity 
in the suboptimal concentration range. It should be men- 
tioned, however, that this adverse effect may be due‘to the 
presence of Triton. For example, when the ester Tween 80 
was used as a source of oleic acid (Andreasen, ’53), it was 
found that all of the esterified acid was available. If Triton 
was added to the medium, however, all of the acid was not 
available. As the concentration of Triton was increased, it 
was necessary to increase the concentration of Tween 80 in © 
order to obtain a given population. This effect of Triton was 
not observed with free oleic acid. These results indicate that 
Triton inhibits Tween 80 esterase activity, increasing the 
requirement for esterified acid, and, therefore, may also 


increase the requirement for methyl oleate. If this explana- ° 


tion is proved correct, then it must be assumed that the fatty 
acid is not active in esterified form. This aspect of lipid 
metabolism needs further investigation. 

The C4 unsaturated crotonie acid gives sight growth pro- 
motion at a very low concentration (0.1 mole/ml), but the 
population was not improved ‘by using larger amounts. 
Stearic and palmitic acids are ineffective at the concentra- 
tions tested, while palmitic acid is found to be toxic at the 
higher concentrations (e.g. when used in conjunction with 
small amounts of oleic acid). be 

Effect of oleic acid concentration on population. Experi- 
ments were performed to determine the optimal coneentra- 


ee.t- tee 
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tion of oleic acid. Basal no. 2 or no. 3 media, containing 
non-limiting concentrations (0.050—0.075 p mole/ml or 20-30 
ug/ml) of ergosterol solubilized with Triton was employed 
for these experiments. The Triton also solubilized the Hormel 
Foundation high-purity oleic acid that was added to the me- 
dium in varying concentration. It was found that a concen- 
tration of 0.2-0.4u mole oleic acid/ml (56-113 ye/ml) was 
required to produce maximal stationary populations in the 
range of 180-250 M cells/ml. 

Oleic acid was non-toxic over a broad range of concentra- 
tion. The free acid did not cause a diminution of population 
when used at concentrations up to 1000 ug/ml, the maximum 
tested. Similarly, Tween 80 containing the equivalent of 
approximately 1750 ug/ml of oleic acid was not deleterious. 

The minimum amount of oleic acid required to produce a 
given population was determined under conditions where 
oleic acid was the only medium constituent limiting growth. 
It was found that an essentially linear relationship exists 
between population and oleic acid concentration over a popu- 
lation range extending from 0 to ca 140 M cells/ml. One 
ug/ml of oleic acid produces approximately 6-10 M cells/ml 
in this population range. The latter population represents 
an oleic acid requirement of ca 355 un moles to produce one 
million cells, a relatively large amount compared to the er- 
gosterol and vitamin requirements. For example, when de- 
termined under similar conditions, the minimum ergosterol 
requirement is ca 84 uu moles/M cells while the requirement 
for the indispensable vitamin nicotinamide is ca 20 wu moles 
/M cells (Andreasen, 753). 

It is worthy of mention that both oleic acid and ergosterol 
depress the populations obtained in aerated cultures when 
these lipids are employed at concentrations that are optimal 
for anaerobic growth. 


DISCUSSION 


No reports have been found that describe an unsaturated 
fatty acid requirement for yeast, but there are several in- 


278 A. A. ANDREASEN AND T. J. B. STIER 


stances where fatty acids have been shown to be essential 
or beneficial to the growth of microorganisms and animals. 
The reviews of Bloor (’43), Peterson and Peterson (745), and 
Knight (’45) contain reports on the essentiality of oleic acid 
for species of Lactobacillus, Mycobacterium, Corynebacterium 
and Clostridium as well as Erysipelothria rhusiopathiae 
and Pityrosporum ovale. More recent reports have extended 
this list (cf. Oyama et al. ’53). Saturated fatty acids are 
effective in some cases, however, and the requirement is not 
always confined to anaerobic conditions. Also, there are in- 
stances where the essential fatty acids have been found to be 
toxic unless some detoxifying agent is added to the medium. 
Furthermore, the quantitative requirements of oleic acid for 
optimal growth are so varied that it has been suggested that 
this lipid may serve different functions. In addition to fatty 
acid requirements by microorganisms, it is well known that 
higher forms of life require dietary long-chain unsaturated 
fatty acids such as linoleic, linolenic or arachidonic acid (Burr, 
°42). Although apparently all cells contain saturated and 
unsaturated fatty acids (Bloor, ’43; Smedley-MacLean and 
Thomas, ’20) very little is known about the cellular fatty 
acids other than their essentiality, in some instances, and 
their utility as a carbon or energy source and their association 
with various cell structures. 

The necessity of unsaturated fatty acids for the growth 
of certain organisms suggests that these organisms are in- 
capable of forming fatty acids, or of desaturating any satur- 
ated acids that may be formed. There is evidence that fatty 
acid biosynthesis by yeasts and molds is greatly depressed 
unless ample air is supplied (MacLean and Hoffert, ’26; 
Terroine et al., ’26; Halden, ’34, and Schmidt, ’35). Also, 
Klein (’51) found that total lipid synthesis in coenzyme 
A-poor yeast, produced by pantothenate deficiency, is nearly 
abolished. Klein’s observation may be pertinent to anaerobic 
biosynthesis of lipids if one considers a report by Novelli and 
Lipmann (’50), who found that yeast must actively oxidize 
glucose to form useful amounts of coenzyme A from panto- 
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thenic acid. It is not known, however, whether or not anaerobic 
yeast contains significant amounts of any fatty acids. Such an 
analysis is made difficult, under the growth conditions em- 
ployed in our experiments, by the virtual failure of growth in 
the absence of added unsaturated fatty acid. 

Since the above data shows that the addition of saturated 
fatty acids to the medium is ineffectual, it is also possible 
that dysfunction of desaturation mechanisms could be re- 
sponsible for the failure of anaerobic growth. Recent work 
summarized by Snell (’51) indicates that biotin and various 
enzymes are important for the formation of unsaturated 
fatty acids. Although biotin was found to be indispensable 
for anaerobic growth, oleic acid could not replace any of the 
biotin when the biotin was used in suboptimal concentra- 
tions (Andreasen, ’53).. The simultaneous anaerobic require- 
ment for ergosterol may be considered as favoring an assump- 
tion that fatty acids are not biosynthesized under anaerobic 
conditions inasmuch as both sterols and fatty acids are sup- 
posedly biosynthesized by similar mechanisms. 


We wish to thank the Atlas Powder Company and the Rohm 
and Haas Company for generous supplies of their surfactants. 


SUMMARY 


A strain of the yeast Saccharomyces cerevisiae requires 
oleic, linoleic or linolenic acid for anaerobic growth in a 
chemically defined medium. Linolenic acid is less active than 
oleic and linoleic acids when the acids are employed at sub- 
optimal concentrations. Ergosterol (or certain other sterols) 
is also required for anaerobic growth, so that both lipids must 
be added to the defined medium in order for proliferation to 
occur. It is suggested that the anaerobic requirement for un- 
saturated fatty acid is due to failure of its biosynthesis under 
anaerobic conditions. 

The defined basal media employed consisted of trace ele- 
ments, salts, ammonium sulfate, B-vitamins, glucose and 
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sodium succinate buffer. Hrgosterol and the fatty acids were 
routinely solubilized by the non-lipid surfactant Triton WR- 
1339. 

The amount of oleic acid required to produce stationary 
populations in the range of 180-250 million cells per milliliter 
was 0.2-0.4 » mole/ml. Under conditions where only oleic acid 
limited growth, the minimum requirement was 1 pg/ml to pro- 
duce ca 10M cells/ml, or 355 yu moles/million cells. Oleic 
acid was not detrimental to anaerobic growth over a broad 
concentration range, but aerobic growth was depressed at the 
optimal anaerobic concentrations. 
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ONE FIGURE 


Despite the intense interest exhibited in recent years con- 
cerning the nature of uptake and the primary source of cal- 
cium for shell formation in marine molluses, the subject is 
still controversial. Orton (’25) noticed shell growth in oysters 
in the apparent absence of food. From similar observations 
Galtsoff (’34) reported that the amount of calcium assimi- 
lated is many times greater than could be stored in the tissues. 
Fox and Coe (’438) showed that in Mytilus califormanus the 
amount of calcium obtained from organic food alone was not 
sufficient to account for the amount deposited in the shell. 

In a comprehensive review of calcification in molluscs Rob- 
ertson (’41) has stated that the greater part of the shell of 
marine molluses is probably absorbed from sea water as cal- 
cium and bicarbonate ions. Bevelander and Benzer (’48) have 
shown that there is a corresponding reduction in the calcium 
of the growing shell, when the calcium content of sea water 
is reduced. In a recent study of the process of calcium intake 
in molluses, Bevelander (’52) comes to the conclusion that 
the molluse can and does utilize calcium in an ionic form in 
the production of the mineral component of the shell. Since 

1Contribution from the Scripps Institution of Oceanography, University of 
California, New Series No. 722. 
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these experiments were carried out in unfiltered sea water, 
they do not necessarily demonstrate the intake of ionic cal- 
cium in true solution, for it is known that large amounts of 
colloidally and otherwise suspended organic and inorganic 
matter in sea water are ingested by the filter feeders. Further, 
little or nothing is known about what regions of the organism 
may be involved in extracting the calcium from the sea water, 
and about the physical basis of such an intake. The belief 
that the primary source of calcium is that present in dissolved 
form is based on indirect evidence and is only inferential. 
The present investigation indicates that under controlled con- 
ditions a source of calcium for the shell-forming marine mol- 
luses is found in true solution in the sea water and that it is 
taken up in an ionic form by a hitherto unsuspected mecha- 
nism. 


We wish to express our thanks to Dr. Denis L. Fox, Division 
of Marine Biochemistry, Scripps Institution of Oceanography, 
for his encouraging interest in the present study. Our special 
thanks are due to Dr. Theodore H. Bullock, Department of 
Zoology, University of California at Los Angeles, for eriti- 
eally reading through the manuscript. 


MATERIALS AND METHODS 


Young Mytilus californianus Conrad, collected from the 
rocks at La Jolla, were kept overnight in large fingerbowls 
containing sea water, previously passed through a molecular 
filter which removed all particles larger than 0.5 py. These 
bowls were kept in a constant temperature room (14° + 1°C). 
Four to 7 mussels, each measuring 15 to 25mm in length, 
were transferred to each of 4 fingerbowls, two of which 
contained filtered sea water, and the other two unfiltered sea 
water. One milliliter of Ca*®(HCO;), containing 101 mg of 
Ca ++ with an activity of 50 ye was added to the first two 
and one of the remaining bowls, together containing 1500 ml 
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of sea water; the last bow] served as a control.* Since normal 
sea water contains about 400mg of calcium per liter, the 
resulting concentration of calcium in the experimental vessels 
was about 470 mg/l. When sea water is filtered under suc- 
tion (as was the case in the present study), carbon dioxide 
is removed. Such a system will shift the reaction Ca- 
(HCO;). = CaCO; (ppt.) + H.CO, to the right. To insure 
such a shift, the pH of the added tracer solution was buffered 
to around 7.5, and during the entire course of the experiment 
a stream of air was kept flowing through the water in the 
aquaria. 

The mussels were allowed to remain in the aquaria for 
periods of three to 36 hours. Whole animals were sectioned 
and radioautographs were made by the inverted autograph 
technique (Belanger, ’50). Similar experiments were per- 
formed wherein one of the filtered sea water aquaria con- 
tained suspended colloidal graphite (Aquadag). In another 
case only Ca*t®CO, was added and was kept in suspension by 
the aeration. In these experiments small areas were scraped 
away from the shell margin without injuring the soft tissues 
in order to induce accelerated calcium assimilation for the 
consequent regeneration. 

Cleaned inert shell-valves as well as pieces of soft tissue 
were kept in experimental aquaria to serve as control refer- 
ences for estimating the likely exchange between active cal- 
cium of the medium and the inactive calcium of the shell 
or tissues. 

In studying the role of mucus in other intertidal forms, 
freshly collected specimens of the tunicates, Ciona intestinalis, 
Styela montereyensis, the mussel Mytilus edulis, and the 
anemone Anthopleura xcanthogrammica were maintained over- 
night in filtered sea water and then transferred to finger- 
bowls containing freshly filtered sea water containing the 
radioactive tracer. After a couple of hours, mucus collected 

*The Ca® used in this investigation was supplied by the Oak Ridge National 
Laboratories on allocation from the Isotopes Division, U. 8. Atomic Energy 


Commission. 
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from each animal was washed in fresh tracer-free sea water 
and then in distilled water. One-half milliliter of mucus was 
transferred to a copper planchet and dried under an infra- 
red lamp for the assay of the radioactivity. For control 
purposes, mucus obtained from freshly collected members of 
all the above named species was washed in clean sea water 
and then placed for 15 minutes in filtered sea water containing 
the tracer. After this interval, the mucus was taken out and 
treated similarly for assaying of the activity. 

At regular intervals during the course of an experiment, 
individual mussels were removed from the experimental aqua- 
ria. Regions of the body were dissected away, thoroughly 
washed in freshly filtered sea water (without added tracer) 
and mounted on planchets to be dried for counting. Special 
attention was paid to the gills, mantle margin and transverse 
sections of various regions of the body. Whole animals were 
also mounted and dried. 

Materials for sectioning were fixed in Bouin’s fluid or in 
10% formaldehyde, cut in paraffin and stained with basic fuch- 
sin or Masson’s trichrome stain. 


RESULTS 


Mytilus californianus, kept in filtered sea water with radio- 
active calcium ion shows a measurable intake of this cation 
from the medium into the tissues other than the gills within 
two hours, as shown by measuring the radioactivity of vari- 
ous parts of the body and by radioautographs of sectioned 
material. Gills of these animals, on the other hand, show 
activity within one-half to one hour in the experimental sea 
water. They remain the most active fraction of the body at 
any time thereafter. Mantle margin showed relatively high 
activity compared with the other parts of the mantle, but 
activity was highest near the regenerating region. Radio- 
autography of sectioned material revealed extremely high 
concentrations of calcium in the regenerating areas of the 
mantle margin and these can be very sharply localized to 
the region of injury (fig. 1). Freehand sections (about 0.5 mm 
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thick) of mussels three to 6 hours after the start of the experi- 
ment, passing through the body at the level of the heart, 
showed high activity compared to those passing through more 
anterior and more posterior parts of the body. The observed 
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Fig. 1 Autoradiograph of the longitudinal section of the mantle margin just 
behind the posterior adductor in a region of repair of injury to the shell. 


accumulation of active calcium in the tissues of the experi- 
mental mussels was very much greater than the total activity 
exhibited by dead shell and pieces of soft parts used as 
controls. 

No detectable increase in the intake of calcium was observed 
in the experiments using graphite, or suspended calcium 
earbonate or unfiltered sea water. Thus freehand sections 
about 0.5 to 1 mm in thickness of such mussels after 24 hours 
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in experimental aquaria gave 449 + 35 counts/min., while 
those of mussels from filtered sea water (without any par- 
ticulate material in it) gave 512 + 37 counts/min. A slight 
increase in the number of counts may be noticed in the latter 
ease. This may be due to the variables involved in such a 
procedure, such as the thickness of the sections and the nor- 
mal variability of the counter and the disposition of the 
material under the end-window. 

Of great interest was the fact that mucus, either im situ 
or removed from the animal, took up great concentrations of 
ionic calcium from solution, probably by adsorption (table 1). 


TABLE 1 


Uptake of radioactive caleiwm by mucus 


(See Materials and Methods for technic) 


WEIGHT OF IONIC CALCIUM TAKEN UP BY MUCUS 


LNSIEENG In situ, exposed Removed from body 

for several hours exposed for 15 mins. 

mg. Ca/ml wet wt. mg. Ca/ml wet wt. 
Ciona intestinalis 0.278 + 0.020 0.256 + 0.017 
Styela montereyensis 0.430 + 0.034 0.406 + 0.031 
Mytilus edulis 0.370 = 0.025 0.3852 = 0.022 


*Converted from activity; 5000 counts per min. represent 0.234 mg Ca®. 


It is significant that the mucus from different species (in- 
cluding non-shell forming ones) collected from about the 
same intertidal zone reacted in a similar manner inasmuch 
as it took up large amounts of ionie calcium from solution. 


DISCUSSION 


These experiments demonstrate that an extensive source of 
calcium for Mytilus californianus (and probably other shell- 
bearing marine lamellibranchs) may be found in true solution 
in the sea water. The amount of calcium that the animals 
could obtain is considerable as can be seen from the following. 
In these experiments about 5000 counts/min. represent 0.234 
mg of calcium. Body slices of about 1mm thickness gave 
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about 512 counts/min., thus containing about 0.024 mg of eal- 
cium. These slices represent about one-seventh to one-tenth 
of the soft parts of the 15-20 mm mussels used. That means 
each mussel has accumulated from the medium at least 0.17 
to 0.24 mg of calcium in 24 hours. According to Fox and Coe 
(*43) mussels of such length contain 0.156 to 0.211 mg of 
calcium in their tissues. Consequently, the present investi- 
gation demonstrates that calcium in true solution is taken 
in by Mytilus californianus in highly significant quantities, 
equivalent to more than the total content of the tissues in 
24 hours and possibly much sooner in agreement with Wilbur 
and Jodrey (752). 

The initial transfer of calcium from the sea water to the 
mussel occurs at the mucus surface of the gill, perhaps by a 
process of adsorption, where the adsorbing surface is con- 
tinuously in an unsaturated state with respect to the medium, 
and it is presumably maintained in such a state by a constant 
renewal of the surface of adsorption. In such a system the 
number of adsorbed ions at any given time is determined by 
the number present in the environment. In his review Robert- 
son (741) concludes that ‘‘secretion of shell material goes 
on almost automatically provided sufficient calcium is availa- 
ble’’ (of course, other conditions like temperature being within 
normal limits). If this be so, perhaps herein lies an explana- 
tion for the variability in shell weight encountered under 
different circumstances, and in different localities in the same 
species (Rao, 53). 

The extraordinary capacity of the mucus surface in several 
intertidal invertebrates to adsorb ionic calcium is of interest. 
It has been shown by Goldberg, McBlair and Taylor (751) 
that the mucus sheet of tunicates adsorbs vanadium from 
aqueous solution. Perhaps several ionic species are adsorbed 
from the medium onto the mucus surface in many marine 
invertebrate species. Since there are many naturally occur- 
ring glycoproteins (mucins), there are probably specific en- 
zymes in the digestive tracts of various invertebrates capable 
of disintegrating the mucus and extracting only the required 


290 K. PAMPAPATHI RAO AND EDWARD D. GOLDBERG 


adsorbed components and incorporating them into their sys- 
tems, the rest being thrown out. Or, in forms like the oyster, 
the results of Jodrey (’53) suggest that direct transfer of 
calcium from the mucus to the shell across the mantle margin 
is possible. But the exact nature of the mechanism is still 
unknown. 

According to Fox and Coe (’43) the mussel adds shell 
only when in ‘‘an actively feeding condition’’; if poor nu- 
trition exists, the supply of calcium cannot be taken advantage 
of. Even so the present experiments show that, not only is 
Mytilus able selectively to extract calcium in solution from 
the sea water, but is also capable of directive localization in 
extremely well defined areas of the mantle where an active 
regeneration has been induced by scraping off tiny bits of 
shell-margin. This need not mean that there is any perceptible 
net growth taking place under our laboratory conditions. The 
high concentrations of calcium observed in these sites con- 
trasts with the low concentrations reported by Jodrey (753) 
in normal mantle edge. 

The present results can supplement in these respects the 
studies of Wilbur and Jodrey (’52) and Jodrey (’53). In 
addition, they indicate that the 97.6% of mantle calcium which 
Jodrey calculates to be inactive does in fact turn over some- 
time within 24 hours. 


SUMMARY 


It has been shown that an extensive and important source 
of calcium for Mytilus californianus, and possibly other marine 
lamellibranchs, is dissolved in the sea water. The mucus sheet 
of the gills is shown to provide an adsorbing surface, which 
is in a constant state of renewal. Mueus of various other 
marine invertebrates has also been shown to behave in a 
similar way. Specific enzyme systems in the gut of the par- 
ticular organism are believed to aid in the extraction of 
specific constituents adsorbed to the mucus, depending on 
the needs of the organism. 
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It has been shown that the mussel is capable of concen- 
trating great amounts of calcium in the areas of active depo- 
sition, as in repair of local injury to the shell. 
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ADDENDUM 


Since the above account has gone to press, an interesting paper 
on strontium uptake in some molluses and polychaetes has been pub- 
lished (Fretter, 53), in which some points are of interest in this 
connection. It was shown that in the nudibranch Acanthodoris pilosa, 
there is a relatively rapid accumulation of strontium (and presumably 
of calcium also) from the surrounding water. It is likely that the 
mucus covering over the body concentrates the ions from the medium 
which then pass through the general surface of the body, while 
“‘relatively few’’ ions are found in the lumen of the gut. In Mytilus 
edulis it was shown that strontium made a direct entry to the ciliated 
epithelium of the gills, although such an entry of ions into the body 
was not considered to be the major or primary route. It was concluded 
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that the gut is the more important area for ingress of ions into the 
tissues, the ions having been directed there by the feeding currents. 
We have shown above that mucus is the agent by means of which ions 
in solution are collected from the medium and transported to the 
gut, this being the more important area for ingress of ions into the 
tissues. Entry of ions directly into the mantle tissue does occur 
(Hirata and Jodrey, ’53), though, presumably, to a lesser degree. 
FrerTer, V. 1953 Experiments with radioactive strontium (*Sr) on certain 
molluscs and polychaetes. J. Mar. Biol. Assn. U.K., 32: 367-8386. 


THE DEPENDENCE OF UNIT DISCHARGES ON 
FREQUENCY AND INTENSITY OF STIMU- 
LATION OF THE MOTOR CORTEX 
IN THE MACAQUE} 


J. HYDE, C. M. RIGGLE AND E. GELLHORN 
Laboratory of Neurophysiology, Physiology Department, 
Unwersity of Minnesota, Minneapolis 


FIVE FIGURES 


In a series of investigations Gellhorn and collaborators 
(1945-1951) have studied the gross responses of striated 
muscles to stimulation of the motor cortex in the macaque. 
In this and the following paper an attempt is made to an- 
alyze some of the factors which determine the behavior of 
individual motor neurons under these conditions and to cor- 
relate unit discharges with the gross response of the muscle. 


METHODS 


The gross electromyogram (EMG) was recorded from the 
belly of the muscle by means of two copper wires sewn into 
the muscle as in previous investigations of this series. For 
the recording of unit potentials two pairs of bipolar needle 
electrodes or Gesell’s monopolar ‘‘floating’’ electrodes were 
inserted close to the tendon of the anterior tibialis or the 
biceps brachialis muscle. The superficial fascia being removed, 
the electrode tips were placed just beneath the surface. The 
selection of a place suitable for recording unit potentials was 
aided by listening to the discharges on a type 210 Offner 
audio unit and observation on a Dumont cathode-ray oscillo- 
scope. The recording was photographic, a double beam cath- 

1 These studies were aided by a contract between the Office of Naval Research, 
Department of the Navy, and the University of Minnesota. 
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ode ray oscilloscope being used making it possible to obtain 
records from two pairs of electrodes simultaneously. The 
influence of the signal from one channel on the output of 
the other was found to be negligible. The low frequency cut- 
off of the 140-A amplifier was set at .002 to prevent gross 
fluctuation of the base line due to movement; the high cut-off 
was at zero (i.e, no additional cut-off was imposed on the 
amplifier). Recording was at a film speed of 10 cm/see., a 
time signal indicating intervals of 0.1. sec. Ten macaques 
anesthetized with Dial-urethane were used. The motor cortex 
was stimulated with condenser discharges or, in a few cases, 
square waves pulses. For further details see earlier papers 
from this laboratory. 


RESULTS 


I. The dependence of unt discharges on intensity 
and frequency of stimulation of the motor area 


The records obtained under these conditions were studied 
with respect to their frequency and amplitude. Moreover, 
since particularly with increasing degrees of excitation of 
the motor cortex more units appeared, the mutual relation 
of the discharges of several units was determined. 

If a site of the motor cortex was stimulated with a low 
voltage and/or with a low frequency a minimal response 
occurred in the gross electromyogram (HMG), whose ampli- 
tude seems to be related to the number of activated units 
(Loofbourrow, ’48). Unit discharges appearing under these 
circumstances were of equal magnitude and showed a gradual 
increase in the rate of discharge during the 5-sec. period of 
stimulation. The greatest unit activity coincided with the 
maximal amplitude of the EMG and this phase of activity 
is referred to as the optimal period of discharge. The fre- 
quency of stimulation varied between 11.4 and 102 per second 
and the intensity between one and 6 volts. The rate of dis- 
charge of individual units showed considerable variations 


MOTOR CORTEX AND UNIT DISCHARGES 295 


in these experiments. In the majority the maximal rate? of 
discharge was low and little altered by an increase in the 
frequency of stimulation. Thus in one experiment the maxi- 
mal rate varied between 20 and 24/sec. as the frequency of 
stimulation was increased from 33 to 102/see. (the voltage 
being kept at 3.5 volts). In another experiment unit activity 
was recorded while the motor cortex was stimulated at 33 
and 83/sec. with intensities ranging from 3.0 to 5.7 volts. The 
maximal rate of discharge varied between 30 and 33/see. in 
the series with stimulation at 33/sec. and between 27.4 and 
30.0 in that involving stimulation at 83/sec. However, occa- 
sionally the maximal rate of discharge attained the frequency 
of stimulation when the latter was not higher than 30 to 
50/sec. In a few instances even higher maximal rates have 
been observed. They occurred mostly in the form of two or 
three discharges at the stimulus intervals. Other units dis- 
charged simultaneously at a lower rate. This fact as well 
as the observation that the maximal rates of discharge oc- 
curred only during a small fraction of the ‘‘optimal period”’ 
accounts for the lack of a direct relation between the maximal 
rate of unit discharges and the amplitude of the EMG. 
These results are amplified in table 1. Although a moderate 
increase in the frequency of discharge of the fastest unit is 
noted in some experiments (see especially those involving the 
relatively high voltages at frequencies of 11.4 and 102/sec.), 
the maximal rate is not a determining factor of the total 
response of the muscle. Thus at 5.7 volts with a frequency 
of stimulation of 11.4/sec. the maximal rate of discharge of 
the fastest unit is 28/sec., and this same rate occurs on stimu- 
lation with 2.6 volts at 83/see.; but the total response and 
also the number of discharging units is much greater in the 
latter condition. Moreover, in the experiments with fre- 
quencies of 33/sec. and 53/sec. the maximal rate in each 
series seems to be constant although with increasing voltage 
*The maximal rate is determined by the reciprocal value of the shortest interval 
found between two discharges of a single unit. The frequency is defined by the 


number of spikes of a single unit per second. The latter may vary without a 
significant change in the former. 


296 J. HYDE, C. M. RIGGLE AND E. GELLHORN 


the number of discharging units and the gross response as 
indicated by the amplitude of the EMG increase. This indi- 
cates clearly that not the maximal firing rate but the number 
of discharging units accounts for the increase in gross re- 
sponse (and muscle tension) which occurs under conditions 


TABLE 1 
The influence of increasing intensity and frequency of stimulation on the number 
of the responding motor units and their frequency of discharge? 


FREQUENCY NUMBER OF DISCHARGING UNITS 


VOurTs 11.4 33 53 83 102 
Pep - re 0 0 0 
2.6 = 2 5 ve 
3.0 0 2 3 4 5 
3.0 5 ae 6 ff 
4.2 0 5 5 5 if 
4.9 2 6 4 8 
oT 3 8 
Maximal rate of any unit in ¢/s 

Cc 

ape tan he 11.4 33 53 83 102 
2.1 a a 0 0 0 
2.6 ae 30 ae 28 2%: 
3.0 0 32 48 28 36 
3.5 ae ice Ss 44 tal 
4.2 0 32 53 35 51 
4.9 12 34 53 ov 51 
5.7 28 Ae a es 54 
Gross response in mm 

FREQUENCY 

eee 11.4 33 53 83 102 
2.1 ae if 3 0 0 
2.6 Ae 7 as aly¢ Re 
3.0 4 8 8 11 9 
3.5 xe ; 10 a 18 10 
4.2 5 9 10 25 10 
4.9 if 12 12 sf 11 
5. 8 af ae te 13 


* The experiment was performed on a Macaque in Dial anesthesia. A biceps point 
of area 4 was stimulated with condenser discharges of 7.7 ms. duration. 
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of increasing excitation of the motor cortex. Table 1 furnishes 
examples that either increasing the frequency of stimulation 
at constant voltage or increasing the voltage while the fre- 
quency of stimulation is kept constant causes recruitment 
of additional motor units. 

If the maximal rate of discharge of an individual unit is 
relatively insignificant, it is to be expected that the total 
number of spikes during the optimal period would be a 
good indicator of the central excitation since it depends on 
the number of the activated units and their average frequency 
of discharge. This inference is supported by the experiments 
ilustrated in table 2. The activity of the units was recorded 
during two series in which the voltage was increased from 
2.1 to 5.7 while the frequency of stimulation was 33 and 
83/sec. Although there were marked changes in the gross 
EMG response the discharge frequency of the individual units 
was not significantly altered. However, the total number of 
unit discharges showed a good correlation with the gross 
response. 

It is concluded that under conditions of stimulation of the 
motor cortex with increasing intensity and/or frequency the 
total number of dicharges is correlated with the increased 
eross response of the muscle. This number depends primarily 
on the number of activated neurons. Another important, al- 
though obvious, factor is the duration of the discharge. With 
increasing central excitation the rate of recruitment is ac- 
celerated and, in addition, the duration of the discharge 
continues for a longer time beyond the period of stimulation. 

In addition it should be said that the higher threshold 
units which were activated as the degree of central excitation 
and the gross EMG response increased were often distinctly 
taller than the spikes which appeared on lesser degrees of 
stimulation. This is interesting inasmuch as Kugelberg and 
Skoglund (’46) have made similar observations under con- 
ditions of voluntary innervation and stimulation of motor 
nerves in man. 
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II. Frequency specificity im the motor cortex and its 
reflection in the discharge of single units 


It was shown by Hyde and Gellhorn (’51) that the reac- 
tivity of various sites of the motor cortex to a series of 
stimuli varying in frequency shows fundamental differences 
as judged by the degree of contraction of the muscles acti- 


TABLE 2 


The influence of increasing intensity and frequency of stimulation on the total 
unit discharges, individual units, and the gross response (EMG) 
of the biceps muscle * 


Total number of unit discharges in 1.1 see. 


Soy 2.1 2.6 3.0 3.5 4,2 4.9 5.7 
Sh 27 28 65 58 
83 31 68 80 71 68 69 


Number of unit A discharges in 1.1 see. 


VOLTAGE = 
FREQUENCY 2.1 2.6 3.0 3.5 4.2 4.9 5.7 
33 15 15 a) a 
83 15 16 avs Ly 15 20 


Number of unit B discharges in 1.1 see. 


VOLTAGE 
FREQUENCY 2.1 2.6 3.0 3.5 4.2 4.9 5.7 
33 0 0 22 19 
83 0 19 26 20 20 18 


Number of unit C discharges in 1.1 see. 


VOLTAGE 


Frequency 2:1 2.6 3.0 3.5 4.2 4.9 5.7 
33 0 0 22 19 
83 0 19 26 20 20 18 


Gross EMG response in mm 


VOLTAGE 


FREQUENCY 2.1 2.6 3.0 3.5 4,2 4.9 Baw 
33 5 6 8 9 
8&3 2 i 14 15 14 16 


*Macaque in Dial anesthesia. Stimulation of a biceps focus with condenser 
discharges (pulse duration 7.7 ms.). 
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vated. Different cortical foci which on stimulation elicit a 
contraction in the same muscle may have widely different 
optima of frequency of stimulation. Furthermore, two or 
more muscles brought into contraction by stimulation of a 
single cortical focus may also show different optimal fre- 
quencies for the relative maximal shortening or tension. This 
work was repeated and expanded by recording single unit 
responses together with the gross response. 

The unit response to stimulation of several cortical sites 
with different optimal stimulus frequencies for elicitation of 
a maximal gross EMG from tibialis was investigated in sev- 
eral animals. The results in each case were consistent. The 
same units responded to stimulation of cortical sites in the 
leg area separated by as much as 8mm (the greatest dis- 
tance tried). If a maximal gross tibialis response was elicited 
by a medium frequency (e.g., 40-50/sec.) of stimulation, this 
same frequency evoked the maximal unit response,’? both in 
number of responding units and in frequency per unit, these 
factors diminishing at higher or lower stimulus frequencies. 
Further the response would continue throughout a longer por- 
tion of the applied stimulation at the ‘‘optimal’’ frequency, 
and the tendency to an afterdischarge was greater. 

A different cortical site with a frequency optimum of e.g., 
80-100/see. would elicit from the same muscle an increased 
unit response as well as gross EMG as the stimulus frequency 
was increased to this level. These results are summarized 
graphically in figure 1 while a sample of such records is 
shown in figure 2. The maximal rate at which the individual 
units discharged in these experiments was independent of 
stimulus frequency. Since the number of spikes in a constant 

*The characteristics described by the term ‘‘maximal unit response’’ are (1) 
largest number of units firing; (2) highest frequency of discharge in the indi- 
vidual units (where this varied appreciably in response to different stimulus 
frequencies) ; and (3) greatest number of spikes in a constant proportion of the 
period of stimulation. The last number is determined by the number of the 
discharging units and the number of discharges of each unit. The number of 


discharges is not necessarily related to the maximal rate of firing since the latter 
may last only for a very short period of time. 
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CORTICAL STIMULUS FREQUENCY 

Fig. 1 Graphical representation of unit responses to stimulation of two cortical 
sites at varied frequencies. Oscillographie responses in figure 2. Upper graphs 
show number of spikes in all recorded units recorded in the 1.3 sec. of maximal 
response to stimulation of the two cortical sites, as function of cortical stimulus 
frequency. Lower graphs show the number of spikes of one unit (the largest 
of figure 2) in the same period as a function of stimulus frequency. Cortical 
site 2 elicited maximal response in tibialis units when stimulated at about 42/sec.; 
site 3 (3mm lateral to site 2) showed a larger response with higher stimulus 
frequencies. 
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time interval showed a relation to the stimulus frequency and 
to the gross response of the muscle, this was the factor chosen 
for the graphical representation of different optimal stimulus 
frequencies at different cortical sites in figure 1. In the first 
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Fig. 2 Single unit responses to stimulation of two cortical sites with varied 
frequencies in the macaque. A—E, stimulation at 1.7 volts (for 5 seconds, pulse 
duration 7.7 milliseconds) of a cortical site 3mm lateral to midline, 3mm anterior 
to central suleus. F—J stimulation at 2.1 volts (otherwise as above) at a cortical 
site 8mm lateral to site 2. 


pair of graphs the total number of spikes of both large and 
small units in 1.3 sec. of the stimulation period is plotted as 
a function of stimulus frequency. The number of spikes of 
one particular unit is similarly plotted in this figure. It is 
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quite obvious that the response of the same unit elicited 
from two different cortical sites may show fundamentally 
different frequency characteristics. At cortical site 2 the 
optimal response is at 42/sec. and at site 3 at 83/sec. of 
stimulation. 

Another experiment from a different macaque is graphi- 
cally illustrated in figure 3. One cortical site elicited a greater 
response with low stimulus frequencies, the response of the 
units (like the gross tibialis EMG) dropping off as the stimu- 
lus frequency was raised; the second site showed a maximal 
effect with a higher frequency of stimulation, the optimum 
varying in the different units between 66 and 83/see., and the 
number of the spikes falling off a 102/sec. Examination of 
the films illustrates the tendency for the units to discharge 
at the stimulus rhythm or at the higher frequencies of stimu- 
lation at sub-fractions of the stimulus rate, resulting in an 
apparent ‘‘pick-up”’ of the stimulus frequency in the response. 

The first pair of graphs in figure 3 shows the total number 
of spikes recorded by one pair of electrodes during three 
seconds of the response, plotted as a function of stimulus 
frequency for the two cortical sites. In the second pair of 
graphs one particular unit is similarly graphed. It can be 
seen that the maximal response as indicated by number of 
spikes is at a lower stimulus frequency for cortical site 3 
than for site 4, a result paralleling the gross tibialis HMG’s. 
The maximal rate of this same unit is plotted in the third 
set of graphs as a function of stimulus frequency. The maxi- 
mal rate, as shown in this set of graphs, is apparently not a 
reliable indicator of magnitude of response. 


III, Pulse duration and excitability 
of the motor cortex 


Since only a few data are available on the relation of 
pulse duration to the responsiveness of the motor cortex, 
some experiments are presented in this section which are 
concerned with the relation of the pulse duration to unit 
discharges as well as to the gross response (HMG) of the 
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50/SEC 100 


SPIKES IN UNIT A 
IN 3 SEC 


50/SEC 100 


MAXIMAL RATE 
OF UNIT A 
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Fig. 3 Effect on motor unit responses of stimulation of two cortical sites 
with varied frequencies at 3 volts (site 3) and 3.5 volts (site 4). Macaque; 
oscillographie records are omitted. Upper pair of graphs represent number of 
spikes of all the units in one channel (i.e., recorded with one pair of electrodes) 
in the 3 sec. of maximal activity during the 5 sec. cortical stimulation, as function 
of cortical stimulus frequency at the two sites. Middle graphs show a similar 
plotting for a single unit. In the lower graphs the maximal rate of this unit is 
graphed as a function of cortical stimulus frequency. 
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muscle. On three monkeys the motor cortex was stimulated 
at different frequencies and varying pulse durations, and 
the effect on unit discharges was determined. A typical 
experiment is presented in figure 4 showing that the maximal 
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Fig. 4 Graphical respresentation of effect of pulse duration on response of 
a motor unit to cortical stimulation at different frequencies in the macaque. 
Number of spikes of a single unit during the 3 sec. of maximal activity in 
response to a 5-see. stimulation of a site in area 4, plotted as a function of 
frequency of stimulation for three different pulse durations. Maximal response 
is at higher frequency with a shorter pulse duration. 
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number of spikes discharged by a single unit in three seconds 
remains practically constant in the three sets of tests. How- 
ever, this maximum shifts from a higher to a lower frequency 
of stimulation as the duration of the condenser discharges 
is increased. The results of (two) experiments, which have 
in common that the optimal response at a short pulse dura- 
tion occurs at a relatively high frequency, are shown in 
table 3. It seems to follow from these experiments that the 
optimal frequency of stimulation and the pulse duration are 
interrelated. 
TABLE 3 


Summary of effect of pulse duration on optimal cortical stimulus frequency 


PULSE OPTIMAL 


MONKEY UNIT DURATION FREQUENCY 
: ms per second 

1 A 2.0 42 

3.6 33 

CH 33 

TE 27 

B 2.0 42 

3.6 33 

fhe 27 

11.9 27 

2 All 3.6 53 

ae 42 

uA 33 


DISCUSSION 


If suprathreshold stimuli are applied to the motor cor- 
tex for several seconds, there is a gradual increase in 
the frequency of discharge of single units recorded from 
striated muscles, and also an increase in the number of 
discharging units. The total number of unit discharges re- 
corded per unit of time during the optimal period of con- 
traction of the muscle (indicated by the largest amplitude of 
the EMG) increases with increasing excitation of the motor 
cortex regardless whether this increase is due to an aug- 
mentation of the voltage or an alteration in frequency or 
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pulse duration. The study of unit discharges under these 
conditions reveals further that individual units recorded 
from the same. microelectrode may show wide variations 
in frequency of response. This phenomenon is particularly 
marked on stimulation of the cortex with higher intensity 
and frequency since under these conditions in addition to 
the units which discharge at a low frequency some units may 
appear which, at least for brief periods, show a rate of ac- 
tivity equal to that of the stimulus frequency. However, it 
should be stressed that in general the frequency of unit 
discharges is low, varying between 20 and 30/sec. in spite 
of relatively wide variations in intensity and frequency of 
stimulation. It is worthy to mention that Landau (752) on 
stimulation of the pyramidal tracts with widely different 
frequencies at threshold intensity obtained unit discharges 
in the muscle of a low frequency. 

In the majority of the experiments the discharge was asyn- 
chronous as far as it can be judged from the records showing 
up to three or 4+ units. In some records, however, and par- 
ticularly during marked responses (high amplitude of the 
electromyogram) there was a tendency to a synchronous dis- 
charge. The various units appeared at constant intervals 
after the stimulus artifact although an individual unit may 
discharge only after every second or third stimulus. These 
observations occurred in animals which were apparently in 
a similar condition as far as depth of anesthesia and intensity 
of stimulation are concerned as those showing asynchronous 
discharges. They suggest that with increasing degree of 
central excitation the neuronal discharge may become in- 
creasingly synchronous. It is interesting to note that this 
tendency to synchrony was observed by Adrian and Bronk 
(’28) in discharges of the phrenic nerve under conditions of 
forcible respiration. 

It should be pointed out that on near threshold excitation 
spikes of low amplitude are recorded and that with increasing 
intensity of stimulation spikes of higher amplitude appear. 
Kugelberg and Skoglund (’46) have made similar observa- 
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tions on electrical stimulation of a peripheral nerve in man 
and in voluntary contraction of a muscle. These authors 
refer also to earlier recordings of voluntary activity in single 
units (Smith, Denny-Brown and Pennybacker) and to differ- 
ent possible interpretations which might be made of this 
finding that low amplitude spikes appear at a lower threshold 
of activation than larger spikes. This phenomenon awaits 
further experimental clarification; meantime it is noted that 
the same relationship among units of different size obtains 
under conditions of motor cortical stimulation, voluntary 
activation, and peripheral nerve stimulation. 

It has been shown by Hyde and Gellhorn (751) that cortical 
neurons of the motor area show certain frequency charac- 
teristics. The frequency optimum of stimulation was found 
to be different for different muscles activated from the same 
cortical site and also the response of a single muscle may 
show different optimal frequencies when it is activated from 
different cortical sites. The latter observation has been con- 
firmed through the recording of unit potentials. Figures 2-4 
illustrate the fact that the same unit may show different 
frequency optima when it is activated from two different 
cortical sites of area 4. This indicates clearly that the fre- 
quency selectivity of motor responses elicited by cortical 
stimulation is not a characteristic of the motor horn cells but 
rather must lie ‘‘upstream’’ from them. 

That the optimal cortical stimulus frequency is not a reso- 
nance (or purely frequency) phenomenon is indicated by the 
experiments on relation of pulse duration to frequency. When 
a longer pulse duration is used, the optimal frequency for a 
particular cortical site is lower than with a shorter pulse 
duration. 

SUMMARY 


Oscillographic recordings of single motor unit responses 
(of tibialis anterior and biceps brachi muscles) to cortical 
stimulation of area + with altered stimulus parameters were 
obtained in the macaque. Analysis of the records leads to 
the following conclusions: 


308 J. HYDE, C. M. RIGGLE AND E. GELLHORN 


1. The frequency of discharge of a single motor unit is 
in general independent of the cortical stimulus frequency 
and often confined to a range of 20-30/sec. 

2. Increasing the intensity or frequency of stimulation 
leads to recruitment of new units. Consequently the total 
number of spikes discharged in one second increases. It is 
this number and not the maximal rate of discharge of an 
individual unit which parallels the amplitude of the gross 
response (electromyogram) and thereby the muscle tension. 

3. There are wide variations in the frequency of discharge 
of individual units recorded from the same microelectrode 
under conditions of stimulation of the motor area. These 
individual differences contribute to the asynchrony of the 
contraction. With greater central excitation units of increas- 
ing amplitude appear. There is also under these conditions 
a tendency to synchronous discharges of several units which 
occur at a constant interval after the stimulus artifact al- 
though an individual unit may discharge only after every 
second or third stimulus. 

4. The ‘‘optimal’’ frequency of stimulation may not be 
the same at two different cortical sites for the same motor 
units; a unit which shows the greatest frequency and most 
prolonged discharge to cortical stimulation of moderate (40— 
50/see.) frequency at one site may show this optimal response 
to higher (50-100/see.) or to lower (25-35/sec.) frequencies 
of stimulation of another cortical site. 

5. This ‘‘optimal’’ frequency of stimulation is dependent 
on the duration of the condenser discharge. Other conditions 
being equal the optimal frequency decreases with increasing 
duration of the impulse. 


APPENDIX 


In further series of experiments on two monkeys the rela- 
tion of pulse duration to the gross response of the muscle 
was investigated. The motor cortex was stimulated over a 
frequency range from 10 to 200 per second while the pulse 
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duration was varied between 1 and 25 milliseconds rectangu- 
lar discharges being used. 

In these experiments a shift in the frequency optimum 
did not occur probably due to the fact that the foci stimulated 
gave a frequency response with the optimum at 20/sec. and 
that the response of the muscle to the next lower frequency 
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Fig. 5 Effect of increased pulse duration on the gross amplitude of EMG at 
various frequencies of stimulation of the motor cortex in a macaque. The EMG 
was recorded from the extensor carpi radialis (1 millivolt = 5mm). Stimulus 
frequencies per second indicated on the graphs. Ordinate: amplitude of the 
EMG in millimeters; abscissa: pulse duration in milliseconds. 


(10/sec.) was very slight. However, it was noted that the 
effectiveness of cortical stimulation increased with increasing 
pulse duration and that the optimum became increasingly 
broader with decreasing frequency of stimulation (fig. 5). 
Moreover, the experiments show that a change in frequency 
is a more potent means of increasing the effectiveness of 
stimulation of the motor cortex than is a change in pulse 
duration. 
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THE EXCITATION OF SINGLE STRIATED 
MUSCLE FIBERS! 


JULIUS PRAGLIN ? 
Department of Physiology, University of Illinois, Urbana 


ELEVEN FIGURES 


Keith Lucas (’06, ’07) first reported that the strength- 
duration curve (SDC) of frog striated muscle, taken with 
large electrodes, consisted of three discontinuous segments 
—the £8 excitability with an excitation time or chronaxie 
of 50 to 100 usec., the y excitability with a chronaxie of 0.1 to 
1.0 msec. and the « excitability with a chronaxie of about 10 
msec. Lucas concluded that the B excitability arose from stimu- 
lation of the end-plate, the y excitability from nerve stimula- 
tion and the a excitability from direct stimulation of the muscle 
fibers. 

Rushton (’30) however, could not confirm the existence of 
Lucas’ B excitability in whole muscle, while Kuffler (’45) did 
not succeed in demonstrating this excitability in single sar- 
torius nerve-muscle fiber preparations. 

Contemporaneously, Hill (’10, ’35a,b), Lapicque (’07), Blair 
(’41), Rashevsky (’38) and Monnier (’34) had developed ex- 
citation theories which, if it is assumed that accommodation is 
negligible, give in common, a theoretical SDC of the form 


V/R = 1/(1 — Aexp‘/B), (I) 
where 
V = the voltage necessary to excite at duration ¢. 
R = the rheobase voltage, 
A and B are constants. 


+A preliminary report of this work appeared in Fed. Proe., vol. 11, no. 1 (1952). 
2 Present address: Laboratory for Research in Ophthalmology, Lakeside Hospital, 
Western Reserve University, Cleveland, Ohio. 
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In Lapicque’s, Rashevsky’s, Monnier’s and Hill’s (’35a) theo- 
ries of excitation A does not appear and may be considered 
equal to one. In, Hill’s (710) theory and in Blair’s theory A 
may take any value. B equals Hill’s k, Monnier’s 7, while the 
reciprocal of B equals Blair’s and Rasheysky’s k. _ 

In testing the experimental validity of equation (I), Hill 
(’35b) recommends plotting the experimental data on logarith- 
mic ordinates and comparing the experimental curve obtained 
with a theoretical curve calculated from equation (I) with A 
equal to one. Blair, on the other hand, rearranges equation (1) 
to obtain 


log. V/(V—R) =kt+C (II) 
where 
k=1/B 
C==—— log, AG 


Experimentally, log. V/(V — R) is plotted against ¢. If the 
theory holds, the result is a straight line with slope & and inter- 
cept C. 

Blair (’41) has presented evidence from various sources 
that C must have a value other than zero (A have a value other 
than one) in most cases for experimental results to agree with 
equation (II). Jinnaka and Azuma (’22) and Ramsey and 
Street (’38) found that the SDC of single muscle fibers agreed 
with equation (II) with C not equal to zero. Lapicque (731) 
has pointed out that Rushton’s a-curves for whole muscle fit 
the simple exponential relationship (A=1) only rarely. 
There is, however, no proof that whole muscle a-curves can be 
fitted by any form of equation (1). 

Hill (’35b), nevertheless, has shown for frog nerve, that 
equation (I), with A equal to one, fits the facts so well that A 
may be omitted from the equation. The results of Rushton on 
frog nerve analyzed by Blair (’41), support Hill’s findings. 
Prosser and Chambers (’38) found satisfactory agreement 
between equation (I) with A equal to one and experimental 
results obtained with the giant squid axon. Le Fevre (’50) also 
found equation (1) to apply, in the form of A equal to one to 
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squid nerve, although better agreement was found if accommo- 
dation was also considered. 

This paper will attempt to decide whether the SDC of single 
muscle fibers can be predicted by equation (I) and further, if 
this is so, whether or not A need be different from one in 
magnitude. The question of whether Lucas’ 8 excitability 
exists will also be considered. 


MATERIALS AND METHODS 


The experimental materials were normal, denervated and 
curarized sartorii and normal and curarized semitendinosi of 
R. pipiens, R. catesbiana, and R. clamitans. Unless exception 
is noted, the muscles were equilibrated in cold Ringer’s solu- 
tion * for at least 12 hours from the time of dissection to the 
time of the experiment. Curarization, where employed, was ac- 
complished by the injection of 0.1 to 0.2 em* of Tubocurarine 
(Abbot) (3mg/cem*) into the dorsal lymph sac and by equi- 
librating as above, but in curare-Ringer’s solution (107° am 
Tubocurarine per cubic centimeter). Denervated sartorius 
muscles were used two weeks after excision of the motor nerve. 

Four experimental methods were used: 

1. Semitendinosus or sartorius muscles, suspended in a 
layer of paraffin oil, were stimulated by surface electrodes of 
bare platinum wire, 0.183 mm in diameter and 4.0mm apart. 
Recording of the action potential of the most excitable fiber 
at the muscle surface was accomplished by bipolar, platinum 
recording electrodes each 25 p in diameter. The shock artifact 
was reduced by a grounded platinum hook between the stimu- 
lating and recording electrodes. No evidence of polarization 
could be found with electrodes larger than about 100u in 
diameter. 

2. In other experiments Ag-AgCl-wick electrodes, used for 
stimulation, confirmed the fact that the bare platinum elec- 
trodes did not introduce any polarization error, although the 


* NaCl, 6.5 gm; KCl, 0.14 gm; CaCl, 0.12 gm; NaHCO,, 0.2 gm; NaH.PO,, 0.01 
gm; triple distilled, pyrogen-free H,O, 1.01; pH adjusted to 7.4. 
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a excitation constant was increased due to the larger tip diame- 
ter of these electrodes (300 to 500). 

3. Single muscle fibers were isolated from the semitendino- 
sus muscle and stimulated in Ringer’s solution by means of 
large Ag-AgCl-gelatin electrodes placed a few millimeters 
from each end of the fiber. Undamaged fibers gave all-or-none 
mechanical responses and consistently repeatable observations 
during the experiment. 

4. Whole muscles were suspended in oil as in method (1) 
but the stimulating electrodes were placed on the motor nerve 
at a distance of about 1 cm from the muscle. 

Strength-duration curves were taken on all preparations 
with square-wave stimuli supplied by a multivibrator-type 
pulse generator over a duration range of 0.03 to 3000 msec. The 
rise time of the stimulating pulse was approximately 5 usec. 
with no overshoot. Where electrical recording of the action 
potential was required as the end-point of stimulation (meth- 
ods 1, 3, 4), the artifact was minimized by means of a radio 
frequency carrier transformer similar to the type described by 
Dubbert and Schmitt (’49). This device effectively isolated 
the stimulating and recording circuits while preserving the 
D.C. component of the stimulus. For direct stimulation 
through solution where the mechanical response of the fiber 
was observed as the end-point (method 2), coupling of the 
stimulus to the solution was by means of a cathode-follower- 
connected 6L6 beam tetrode. Due to the low resistance of the 
Ringer’s solution, the current requirements did not permit 
durations of less than 0.1 msec. to be used when stimulating 
through solution. 

The direct measurement of accommodation using method 
(1) was accomplished by superimposing brief testing shocks 
on a square-wave conditioning pulse at various times after the 
onset of the conditioning pulse. The same wire electrodes were 
used for the conditioning and testing pulses which were pro- 
duced by two separate stimulators and coupled into the com- 
mon stimulating circuit by means of two R.F. transformers 
with their secondaries connected in parallel. The interval be- 
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tween the start of the conditioning pulse and the entry of the 
testing pulse was timed by a unistable multivibrator. The ac- 
tion potential, initiated by the testing shock, was the crite- 
rion for stimulation. Utilization times were calculated from 
cathode-ray photographs of the action potentials. 

At the end of each experiment several points, including the 
rheobase, were repeated at random. If any of these repeated 
determinations differed from the original determinations by 
more than 5%, the entire experiment was discarded. 

All SDC’s presented in this paper are interpreted by Hill’s 
method of double logarithmic ordinates. An exponential curve, 
as would be obtained from equation (I) with A equal to one, is 
fitted to the experimental points plotted with the voltage nec- 
essary to excite as the ordinate and the stimulus duration as 
the abscissa. Where a break in the experimental points occurs, 
each branch of the curve is fitted to the theoretical curve. The 
excitation constant B, from equation (I) is determined from 
the position of the curve relative to the time axis. Accommo- 
dation data are presented with logarithmic time abscissa and 
a linear ‘‘testing pulse voltage’’ ordinate. There was no at- 
tempt to test the fit of these accommodation data to any 
theoretical equation, although, on the assumption that the late 
phase of accommodation follows an exponential course, Hill’s 
} and Rashevsky’s m were approximated from the experimen- 
tal data. 


EXPERIMENTAL RESULTS 


(1) Motor nerve stimulation. The strength-duration curves 
of the motor nerves of the semitendinosus and sartorius were 
obtained by method (4) above. The SDC of a single nerve 
fiber could be recorded since the method permitted discrimina- 
tion of the response of a single motor unit. Figure 1 A shows 
one of four experiments performed with the semitendinosus 
and figure 1 B shows one of two experiments performed with 
the sartorius. The average B-values were 0.23 (range 0.15 to 
0.29) and 0.15 msec. (0.14 and 0.15 msec.) respectively. These 
values are in agreement with the classical results of Lucas and 
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Rushton for the whole muscle y excitability. The fit to an ex- 
ponential curve is excellent and thus the results also agree with 
Hill’s (735) findings with whole frog nerve. 

(2) Stimulation of curarized muscles with small electrodes. 
In the following experiments the SDC’s of single fibers were 
recorded by method (1) above. Figures 3 A and 3 B illustrate 
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Figure 1 Figure 2 


Fig. 1 Strength-duration curves of motor nerves. In part A the motor nerve 
of the semitendinosus is stimulated with wire electrodes. In part B the motor 
nerve of the sartorius is stimulated with wire electrodes. (A, experiment of Oct. 
20A; B, experiment of Oct. 26B.) The voltage ordinate is relative but can be 
converted into absolute units by reference to the rheobase voltage (R) indicated 
above each curve. The rheobase value given is that found at the beginning of a 
given experiment. The arrows with the accompanying numerals refer to the B-value 
of each curve segment in milliseconds. The abscissa is the stimulus duration in 
milliseconds. 

Fig. 2 Strength-duration curves of normal muscles. In part 4, the semitendino- 
sus muscle is stimulated at the pelvic end with wire electrodes. In part B, the 
sartorius muscle is stimulated at the pelvie end with wire electrodes, (A, experi- 
ment of Oct. 27C; B, experiment of Nov. 11.) The method of plotting is the same 
as in figure 1. 


two of seven experiments on the semitendinosus and figures 
4 A and 4 B illustrate two of three experiments on the sartorius 
with small wire electrodes which show clearly a marked devia- 
tion from an exponential SDC at short durations. 

In the above experiments, the muscles were equilibrated in 
curare-Ringer’s solution overnight before use; however, the 
possibility that the curare had lost effect during the equilibra- 
tion period and a discontinuity due to nerve stimulation had 
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not been eliminated was precluded by two experiments per- 
formed on freshly curarized semitendinosi, which gave the 
same results as muscles equilibrated overnight. Figure 3 A 
illustrates one of these experiments. 

Wick electrode experiments did not differ qualitatively from 
wire electrode experiments except for the fact that the excita- 
tion constant of the portion of the SDC occurring at longer 
durations was increased. One wick electrode experiment 
(method 2) is illustrated in figure 3 C. 

Not all experiments performed as described above yielded a 
two segment SDC. Figures 4 C and 4 D show two of eight ex- 
periments with the curarized semitendinosus and figures 5 A 
and 5C show two of three experiments with the curarized 
sartorius in which only a smooth, exponential SDC was found. 
This variation in results was not methodological, but, as shown 
in table 1, was correlated with the season during which experi- 
ments were performed. 

It can be seen that the number of experiments showing dis- 
continuities drops off rapidly during the winter months. 

It can be seen from figures 1 through 5 that the exponential 
function is closely followed at durations in excess of 0.15 msec. 
In cases where a smooth SDC is found with curarized muscle, 
the a excitation constant is taken as the time constant of the 
exponential curve which is used to fit the experimental points. 


TABLE 1 


Per cent discontinuities observed in curarized sartorius and semitendinosus muscles 
(combined results) as a function of season. Small electrode experiments only 


2] v <PERIMENTS 
NUMBER OF SDC I CLES HS 


aime PREREIMENTS hincosserorrnis 
September 1951 5 100 
October 7 85 
November 6 50 
December none 
January 1952 9 1a 


May 2 100 
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This time constant has been defined as B in equation (I). In 
cases where the SDC shows a discontinuity, both portions of 
the curve are fitted to the exponential curve as in figures 2 B, 
3,4 A and 4B. The portion of the curve occurring at earlier 
times is termed, after Lucas, the 8 excitability, while the por- 
tion of the curve occurring at longer times is taken to be the 
same a excitability as is found in experiments displaying no 
discontinuities. A Fisher ‘‘t’’ test applied between the a ex- 
citation constants of 8 semitendinosus experiments showing no 
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Fig. 3 Strength-duration curves of curarized semitendinosus muscles. In parts 
A and B stimulating electrodes are platinum wires. In part C the electrodes are 
Ag-AgCl-wick electrodes. (A, experiment of Oct. 23; B, experiment of Oct. 7; C, 
experiment of Sept. 25B.) The method of plotting is the same as in figure 1. 


discontinuity and 9 experiments showing a discontinuity re- 
vealed no significant difference between a excitation constants 
in the two cases. The average a excitation constant for the 
semitendinosus with small electrodes was found to be 0.17 msec. 
with a range of 0.09 to 0.8 msec. The average 8 B-value was 
0.032 msec. with a range of 0.015 to 0.054 msec. Wick electrodes 
caused no significant change in the B excitation constant but, 
in common with the results of Watts (’24) and Grundfest (’32), 
caused an increase in the a excitation constant (average 0.57 
msec., range 0.40 to 0.70 msec.) due to the increased electrode 
area. 
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The average a B-value for the sartorius was for 5 experi- 
ments 0.20 msec. with a range of 0.13 to 0.30 msec. The average 
6 B-value was 0.034 msec. for three experiments with a range 
of 0.028 to 0.040 msec. The statistical separateness of the a 
and £ classifications for both the semitendinosus and sartorius 
is affirmed by a ‘‘t’’ test p-value of less than 0.01. 
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Fig. 4 Strength-duration curves of curarized muscle. In parts A and B, the 
sartorius and in parts C and D the semitendinosus is stimulated with small wire 
electrodes. (Part A, experiment of Nov. 25; B, experiment of Nov. 26A; C, ex- 
periment of Jan. 29; D, experiment of Jan 26A.) Method of plotting is the same 
as in figure 1. 


(3) Stimulation of uncurarized muscle with small electrodes. 
Figure 2 A shows one of four experiments performed on nor- 
mal semitendinosus muscles as described under method one. 
Although the experiments were performed during a time when 
at least 90% of experiments on curarized muscle showed dis- 
continuities, no discontinuities were ever found with uncurar- 
ized semitendinosus muscles. This fact is interpreted to mean 
that stimulation (pelvic end) of uncurarized semitendinosus 
muscles is equivalent to motor nerve stimulation. Sartorius 
pelvic-end stimulation (fig. 2B) in two experiments yielded 
results identical to discontinuous curves found with curarized 
sartorius muscles. The classical finding of Lucas that pelvic- 
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end stimulation of the sartorius muscle yields only non-nervous 
stimulation is therefore supported by these data. 

(4) Denervated sartorius muscles. Figures 5B and 5D 
show two of four experiments performed on denervated sar- 
torius muscles stimulated with wire electrodes. All 4 experi- 
ments showed only a excitabilities not significantly different 
from the a excitabilities of normal and curarized sartorius 
muscles. These experiments only demonstrate that denerva- 
tion does not affect the a excitation constant. However, the 
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Fig. 5 Strength-duration curves of curarized and denervated sartorius muscles 
stimulated with wire electrodes. In parts 4A and C are illustrated results with 
curarized sartorius muscles and in parts B and D are illustrated results with de- 
nervated sartorius muscles. (A, experiment of Nov. 12; B, experiment of Jan. 20; 
C, experiment of Nov. 16; D, experiment of Jan. 22.) The method of plotting is 
the same as in figure 1. 


lack of a discontinuity in these experiments is not significant 
since these experiments were done during the month of Janu- 
ary when only 10% of experiments performed showed discon- 
tinuities. 

(5) Utihization times. The utilization time of curarized semi- 
tendinosus muscles was found to average 2.2 msec. with a 
range of 1.9 to 2.4 msec. for three determinations. Pelvic-end 
stimulated sartorius muscles gave values of 2.2 and 2.7 msec. 
for two determinations. Utilization times were measured with 
just threshold stimulation. 
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(6) Direct measurement of accommodation. In figures 6 to 
8, the testing-pulse voltage necessary to excite is plotted as 
ordinate and the interval between the onset of the conditioning 
pulse and the introduction of the testing pulse is plotted as 
abscissa. In all cases the conditioning pulse was of a duration 
longer than the conditioning-testing-pulse interval. The mag- 
nitude of the conditioning pulse (as indicated in the figure in 
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Fig. 6 Accommodation studies of curarized frog sartorius muscles stimulated 
with small electrodes. (A, experiment of Jan. 30C, rheobase = 0.84V., conditioning 
pulse = 0.75V. B, experiment of Jan. 30A, rheobase = 1.0V., conditioning pulse = 
0.88V.) The interval between the onset of the conditioning pulse and the introduc- 
tion of the testing pulse is plotted as abscissa while the ordinate is the testing 
pulse voltage necessary to excite. The first point in each plot is the voltage neces- 
sary to excite in the absence of a conditioning pulse. A dotted line joins the first 
point to the others, since, properly, the first point is at zero time after the begin- 
ning of the conditioning pulse and cannot be properly represented on a logarithmic 
scale. 


question) was between 80 and 90% of the experimental rheo- 
base. The first point on each plot is the value of the testing 
shock necessary to excite with no applied conditioning pulse. 
Figure 7 illustrates three of four experiments performed with 
curarized semitendinosus muscles while figure 6 illustrates 
two of three experiments performed on curarized sartorius 
muscles. 

The results are qualitatively the same in all cases. There is 
an initial plateau, which, however, is significantly lower in 
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voltage than the voltage necessary to excite in the absence of 
the conditioning pulse. At about 60 to 80usec., there is a 
sharp discontinuity in the curve due to a sudden decrease in 
the threshold at that point. As the elapsed time between the 
onset of the conditioning pulse and the introduction of the 
testing pulse is further increased, the threshold rises gradu- 
ally to a value somewhat above the value needed to excite 
with no conditioning pulse. 
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Fig. 7 Accommodation studies of curarized semitendinosus muscles. In parts 
A and C wire electrodes were used, in part B, wick electrodes were used. (A, ex- 
periment of Oct. 15, rheobase = 0.56V., conditioning pulse = 0.50V.; B, experi- 
ment of Jan. 9, rheobase = 0.29V., conditioning pulse = 0.25V.; C, experiment of 
Jan, 7, rheobase = 0.41V., conditioning pulse = 0.36V.) The method of plotting 
is the same as in figure 6. 
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Figures 8 A and 8B show sartorius muscles which have 
been denervated for two weeks. The initial plateau which was 
present in experiments with curarized muscles is absent in 
these denervated preparations. Three experiments of this type 
were performed. 

Hill’s accommodation constant, A, estimated from these 
curves would be about 1 msec. and no- greater than 4 msec. for 
both the semitendinosus and the sartorius. 
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(7) Strength-duration curves of isolated single muscle fibers 
of the semitendinosus. Figure 9 illustrates the results of two 
of four experiments on normal, isolated muscle fibers stimu- 
lated through solution with large Ag-AgCl gelatin electrodes 
[method (3) above]. The discontinuity found in these SDC’s, 
taken with large electrodes, was abolished by curare in all 
cases studied. Figure 10 presents two of five experiments in 
which curare abolished the discontinuity in the SDC. These 
results are in agreement with Rushton’s classical results with 
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Fig. 8 Accommodation studies of two-week denervated sartorius muscles stimu- 
lated with wire electrodes. (A, experiment of Jan. 28, rheobase = 0.75V., condi- 
tioning pulse = 0.67V. B, experiment of Feb. 1, rheobase = 1.1V., conditioning 
pulse = 0.90V.) The point t=0 marks the voltage necessary to excite with no 
conditioning pulse. Otherwise, the method of plotting is the same as in figure 6. 


whole muscle; however, the present data further affirm that, 
unlike most whole muscle SDC’s, both portions of the single 
muscle fiber SDC obey the exponential equation very well. It 
may be further pointed out that the average B-value for the y 
excitability of these isolated fibers (0.27 msec., range 0.13 to 
0.30 msec.) is not significantly different (p-value between 0.8 
and 0.9) from the excitation constant of the semitendinosus 
motor nerve. The average a excitation constant for uncurar- 
ized muscle stimulated with large electrodes was 7.5 msec. 
(range 5.0 to 10.1 msec.). For curarized single fibers the aver- 
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Fig. 9 Strength-duration curves of single, isolated, semitendinosus fibers stimu- 
lated in solution with large electrodes. (A, experiment of Dec. 4; B, experiment 


of Dec. 14.) The method of plotting is the same as in figure 1. 
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Fig. 10 Strength-duration curves of single, isolated, curarized semitendinosus 
fibers stimulated in solution with large electrodes. (A, experiment of Dec. 17; B, 
experiment of Noy. 28.) The method of plotting is the same as in figure 1. 
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age B-value was 1.8 msec. (range 1.0 to 3.0 msec.). The present 
data therefore also show a significant change in the a excitation 
constant with curare. 


DISCUSSION AND CONCLUSIONS 


The experimental data presented here support the view that 
a simple, exponential curve with one constant is sufficient to 
describe the single-fiber a-SDC. Nevertheless, more careful 
consideration has been given to Blair’s (’41) view-point that 
two constants must be used to describe the SDC of single 
muscle fibers. The experiments listed above on single isolated 
fibers and on fibers stimulated with microelectrodes, were also 
analyzed by Blair’s method but with the additional procedure 
that the value of log. V/(V — R) was calculated twice for each 
value of ¢ using the upper and lower limits of rheobase (R) 
value found during a given experiment. In figure 11, the data 
of figure 5 A on curarized muscle is replotted as an example of 
the above-outlined procedure. Line A is fitted to the open 
circles and line B to the solid circles by the method of least 
squares. Line A was calculated using the smaller and line B 
the larger rheobase value as indicated in the figure caption. 
It can be seen that the intercept is of doubtful significance. 
All data of this paper and the data of Ramsey and Street (738) 
on single isolated muscle fibers similarly yielded intercepts or 
values of Blair’s C which were of doubtful significance. 

It has been found that, with small wire electrodes, curarized 
muscle displays a departure from the exponential curve in 
about 50% of the experiments at short durations. This varia- 
tion in results has, however, been correlated with season. It 
is likely, nevertheless, that the portion of the SDC previous to 
the discontinuity in experiments with wire electrodes is identi- 
eal to Lucas’ B excitability. The B excitation constant of about 
0.03 msec. reported here is close to the value of about 0.05 msec. 
reported by Lucas for the chronaxie of his 8 excitability. The 
value of the a chronaxie for capillary electrodes has been re- 
ported by Grundfest (’32) for single fibers of the retrolingual 
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membrane to be about 0.12 msec. Kuffler (’45) obtained a 
chronaxies of between 0.1 and 0.2 msec. for single sartorius 
fibers stimulated with small electrodes. The average B-value 
for all experiments performed in this work with small elec- 
trodes corresponds to an a chronaxie (using Hill’s conversion 
factor of 0.676 = RC) of 0.11 msec. and hence is in very good 
agreement with the values here reported. 

If the departure from the exponential curve at short dura- 
tions is to be interpreted as the B excitability, the method used 
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Fig. 11 The data of figure 5A are replotted by Blair’s method. Line 4 is 
fitted to the open circles and line B to the closed circles by the method of least 
squares. In A the rheobase equals 0.36V., in B the rheobase equals 0.38V. The 
explanation of the figure is in the text. 


by Kuffler (°45) to detect the 6 excitability, that of empirically 
drawing a smooth curve through the experimental points was 
invalid; for, unless the fit to an exponential curve was used as 
a criterion, the 8 excitability often would not be noticed (see 
fig. 2 B, for example). 

While the classical picture of the variation of the a excita- 
bility with electrode size has been well supported by the data 
presented here, it has been shown above that the B excitability 
does not vary in excitation constant despite a 300% increase 
in the corresponding a excitation constant. Unfortunately tech- 
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nical difficulties did not permit the use of durations short 
enough to record the 8 excitability with isolated single fibers. 
However, it may be pointed out that Lucas, using large fluid 
electrodes, recorded B excitabilities with whole muscle of the 
same order of magnitude as reported here although the re- 
ported a excitability of Lucas’ experiments was 10 to 100 times 
greater than the a excitation constant found here with small 
electrodes. 

The accommodation studies presented in figures 6 and 7 on 
the sartorius and semitendinosus, when interpreted in the light 
of Hodgkin’s (38), Katz’ (’37, ’48), Hodgkin and Rushton’s 
(746), and Cole and Curtis’ (’41) results on the local response in 
various tissues, furnish the needed proof that the 8 excitability 
is a separate excitatory event. From the records of these 
workers it is seen that the events of excitation consist first of 
a charging of the membrane capacity to a critical level at 
which time the local response begins to rise from the catelec- 
trotonic crest, growing in proportion to the stimulus, and 
finally giving rise to the all-or-none spike if the original 
stimulus is of sufficient strength. Figures 6 and 7 depict a 
similar train of events. The plateau reached quickly after the 
application of the conditioning pulse represents the increase 
in excitability due to the charging process of the membrane. 
The sudden further decrease in threshold occurring at 50 to 80 
usec. marks the point of entry of the local potential. Since the 
conditioning pulse is subthreshold, no excitation occurs, but 
the threshold subsequently rises along an approximately ex- 
ponential course. (The sigmoidal shape of the latter part of 
the experimental curve is due to the logarithmic abscissa.) In 
fact, if figures 6 and 7 are plotted with descending voltage 
values upward, the picture closely resembles results obtained 
with electrical recording of subthreshold excitatory events 
provided that the logarithmic abscissa is compensated for. 

The time of about 50 to 80 usec. shown in figures 6 and 7 
for the latency of the muscle local response agrees with the 
tentative estimate made by Hodgkin (’38) for the local-re- 
sponse latency in crab nerve. Although there was some un- 
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certainty about the exact value of the local response latency, 
Hodgkin definitely demonstrated that the charging time for 
the nerve membrane was of extremely short duration. The 
value of under 30 usec. which can be deduced from figures 6 
and 7 for the muscle membrane charging time agrees substanti- 
ally with Hodgkin’s estimate for crab nerve. 

It can now be emphasized that the B-a discontinuity occurs, 
in experiments with small electrodes, between 50 and 150 usec. ; 
and the latency of the local response varies in small electrode 
experiments between 50 and 80usec. Therefore, the pulse 
duration at which the discontinuity in the SDC occurs coincides 
approximately with the duration of the latent period of the 
local response. Both the above facts and the following reason- 
ing indicate that the latency of the local response is responsible 
for the B excitability. 

While it is known that nerve and muscle membranes possess 
appreciable capacitance, Katz (’37) and Rosenberg (’37) have 
shown that the time constant for the electrotonic charging 
process of the nerve membrane is significantly smaller than 
the excitation constant. Therefore, the capacity of the mem- 
brane cannot be the only factor governing excitation kinetics. 
Rushton (’37) showed on theoretical grounds that an electro- 
tonic charging process followed by a local membrane response 
would give a simple, exponential SDC if it were assumed that, 
as soon as the membrane was charged to the critical value, the 
contribution of the local response occurred instantaneously, 
so that no matter how brief a stimulating pulse was used, ex- 
citation occurred via cooperation between the stimulating 
pulse and the local response. This investigation has shown 
that, at least with small electrodes, the above assumption is 
valid only for relatively long stimuli. 

Although there is a 50 to 80usec. latency in the local re- 
sponse, it has nevertheless been possible to cause excitation 
with a testing pulse of 5 usec. duration. This must mean that 
pulses of very short duration are able to set up the necessary 
conditions for a propagated response without the aid of a local 
response. That is to say, the local response does not participate 
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in attaining the threshold at short durations, although it is, of 
course, a factor in the subsequent growth of the potential 
which eventually becomes the spike. At longer durations, the 
stimulus is able to sum with the local response and therefore 
needs be of smaller intensity than if it alone had to supply all 
the energy necessary to trigger propagation. This is then the 
basis for a discontinuity in the muscle SDC. At very short 
durations (under about 100 usec.) the threshold for a propa- 
gated response is reached without the aid of the local response, 
and the kinetics of the process are governed solely by the 
membrane and stray circuit capacity. At about 50 to 150 usec., 
the threshold for excitation decreases markedly due to the fact 
that local response is now aiding the stimulating pulse in 
reaching threshold by adding some of the potential energy 
across the membrane to the excitation process. The kinetics 
of the latter process are governed by the time necessary for 
the local response to become propagating (Rushton’s propa- 
gation constant, h). Therefore, a SDC taken of a tissue which 
manifests such characteristics would of necessity show a dis- 
continuity at the point of entry of the local response due to the 
drop in stimulating threshold at that point. It is to be empha- 
sized that this analysis shows that the 8 excitability is a process 
which is adequately explained by the simple physical condenser 
model. If, then, the 6 excitability is taken to represent the 
physical charging constant of the membrane, it is difficult to 
reconcile the value of between 20 and 30 usec. found here and 
the value of 8 msec. found by Katz (’48) for the time constant 
of the muscle membrane. Even though Katz’ electrodes were 
much larger than those used in this investigation, the data of 
this paper indicate that the B excitability does not change with 
electrode size. Katz (’48), however, has demonstrated with 
direct recording the local response of the muscle fiber mem- 
brane. 

Rushton’s theoretical prediction that the SDC of a tissue 
displaying both a physical charging process and a local re- 
sponse should be exponential in nature applies at least ap- 
proximately to the a SDC, and this prediction has been fully 


330 JULIUS PRAGLIN 


verified. The B SDC is not predicted by Rushton’s formulation 
due to his assumption of a local response with zero latent 
period. 

The data of Rushton and Rashbass (’49) show that the 
sheath causes the excitation characteristics of myelinated 
nerve to differ from those of striated muscle. This fact may 
explain the reason that a 8 excitability has never been reported 
for myelinated nerve. 

There are two complications to this explanation. 

1. A discontinuity in the muscle SDC was found only in 
about 50% of the cases with curarized muscle although the dis- 
continuity in the accommodation curve was always found. 

2. Denervated sartorius muscles (fig. 8) did not show the 
initial plateau in accommodation experiments but behaved as 
if the rise of the local potential was much accelerated. 

The explanation of the first point probably lies in the fact 
that accommodation experiments done in the early fall (fig. 
7 A) show an entry of the local response 20 to 30 usec. later 
than experiments done in early winter (figs. 7 B and7 C). This 
difference was consistent, although small. (Three experiments 
were done in September and three in January.) Nevertheless, 
since the shortest duration used for SDC measurement was 
30 usec., a shift from 80 to 50 usec. in the point of local re- 
sponse appearance would result in only one or two points be- 
ing noticeably displaced from the exponential a curve and 
would not be counted as significant enough a deviation to estab- 
lish a B excitability at very short durations. Figures 4 C and 
4 D are SDC which tend towards this type of behavior at very 
short durations. 

The effect of denervation in accelerating the rise of the local 
response is*sprobably a basic feature of the often observed 
supersensitivity of denervated structures. It is possible that 
experiments done on winter frogs show a decrease in latency 
of the local response due to the poor condition of these speci- 
mens and that denervation causes an even greater decrease in 
latency due to the poorer condition of the muscle after two 
weeks of denervation. In this regard it should be pointed out 
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that SDC’s of denervated muscles never showed any discon- 
tinuities, and, therefore, the results are not incongruous with 
the suggestion that a significant decrease in local response 
latency would remove the £ excitability from the range of ex- 
perimental measurement available here. 

The data on utilization times presented above can be used in 
conjunction with the results of the accommodation experiments 
of figures 6 to 8 to show that Hill’s and Rashevsky’s theories 
fail to agree with experimental results obtained by stimulation 
with small electrodes. Hill’s \ estimated from figures 6 to 8 
is about 1.0msec. Utilization times determined here have 
ranged from 1.9 to 2.7 msec. However Hill’s (’35a) theory 
predicts a utilization time of 0.33 msec. which is significantly 
shorter than any experimental value reported here. Rashev- 
sky’s theory predicts with the data given that accommodation 
is negligible. Figures 6, 7 and 8 contradict this prediction. 
Therefore, it must be concluded that neither Hill’s nor 
Rashevsky’s theories are in accord with experimental facts. 


I wish to gratefully acknowledge the generous help and 
encouragement given me by Dr. C. L. Prosser during the 
undertaking of the above research. 


SUMMARY 


Strength-duration curves of single, isolated muscle fibers of 
the frog semitendinosus stimulated with large electrodes in 
solution display an a and a y branch. The y branch is elimi- 
nated by curare. The y branch has an excitation constant 
(Hill’s &) of about 0.3 msec. and the a branch a constant of 
7.5msec. Small electrode stimulation of curarized single 
muscle fibers stimulated in paraffin oil yields an a strength- 
duration curve with an excitation constant of about 0.17 msec. 
Curare does not eliminate a further discontinuity which oc- 
eurs at durations of about 0.08 to 0.15 msec. This excitability 
has a constant of about 0.03 msec. and is considered identical 
to Lucas’ 8 excitability. This excitability occurred in about 
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50% of experiments and had a seasonal correlation. Since 
direct measurement of excitability during a sub-threshold con- 
ditioning pulse disclosed a delayed entry of the local response 
at the same range of times in which the B-« discontinuity in the 
strength-duration curve occurred, it has been concluded that 
the discontinuity in the strength-duration curve is due to this 
delayed entry of the local response. Denervation shortened the 
latency of the local response entry. 

All a, 8 and y curves obtained were exponential in shape, 
although Hill’s and Rashevsky’s complete theories failed to 
agree with the experimental data. Blair’s constant, C, was not 
significantly different from zero. 
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ONE FIGURE 


Cowan (734) found that isolated crab nerves lose potassium 
to the surrounding sea-water. Arnett and Wilde (’41) ob- 
served that isolated frog nerves kept in oxygenated Ringer’s 
solution also lose potassium. This loss was sustained during 
the first 2 to 5 hours after isolation. Fenn and Gerschman 
(750) made a similar observation. A loss of potassium and a 
gain of sodium in isolated axons of the squid was found by 
Steinbach and Spiegelman (’43) and by Keynes and Lewis 
(751). The same observation was made in Sepia axons 
(Keynes, 51; Keynes and Lewis, ’51). Van Harreveld (’51) 
found that isolated rabbit nerves kept in oxygenated Ringer’s 
solution lose potassium for the first few hours. From the 4th 
hour after isolation no loss was sustained. 

Fenn and Gerschman (’50) considered the possibility that 
potassium is lost by diffusion from the cut ends of the nerve. 
They found however that tying off the cut ends did not prevent 
the loss. Van Harreveld (’51) considered the possibility that 
the potassium loss is due to the injury potential, which will 
cause a migration of sodium ions from the surrounding medium 
into the cut ends, and a release of potassium through the 
mantle of the nerve. Such a mechanism would be consistent 
with the observation that the loss of potassium in vertebrate 
nerves is incurred during the first hours after isolation since 
the injury potential tends to decrease and disappear during 
this period by a ‘‘sealing over’’ process (Gerard, 730; Lorente 
de Né, ’47). The present investigation presents evidence in 
favor of such a mechanism of potassium loss. 
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METHODS 


Part of the experiments were performed on frog nerves 
(Rana catesbiana). In these experiments a Ringer’s solution 
was used containing 110mM NaCl, 1.9mM KCl, 1.1mM CaCh, 
1.2mM NaHCO, and 11mM glucose. The solution was oxy- 
genated by a mixture of 5% CO, in O,. In other experiments, 
nerves dissected out of the meropodite of one of the walking 
legs of the spiny lobster (Panuliris interruptus) were used. 
These nerves were bathed in an artificial sea-water containing 
440mM NaCl, 9mM KCl, 9mM CaCl, 20mM MgCl. No glu- 
cose was added. For oxygenation commercial O, was used. 

To determine the potassium content of the nerve, adhering 
fluid was removed with filter paper and the nerve weighed ina 
platinum crucible. The nerve was then dried at about 100°C. 
for 24 hours, weighed again and ashed at 500°C. The ash was 
dissolved in 1 cm’ 5% acetic acid and transferred quantita- 
tively with doubly glass distilled water to a 5 em? volumetric 
flask. On this fluid the potassium and sodium determinations 
were performed using a Beckman flame spectrophotometer. 
The potassium content of the nerve was computed on the basis 
of wet and dry weight and expressed in millimoles per kilo- 
gram. The percentage changes were rounded to the nearest 
0.5%. 


RESULTS 


A. Potassium loss in frog nerve. A piece of frog’s sciatic 
nerve 3cm long was isolated, weighed and dried, to serve as 
control. Another 3em length of nerve was taken from the 
heterolateral sciatic. This was kept for two hours at 18°C. in 
Ringer’s solution through which 5% CO, in O, was bubbled. 
The nerve was then weighed and dried. The results of the K 
determinations of control- and treated nerves in 10 experi- 
ments are presented in table 1. The experimental nerves lost 
8.5% of their K based on the wet weight figures, which is sig- 
nificant at the 5% level (t==2.9). Based on the dry weights 
the loss is 11.5%. This is significant on the 1% level (t =5.0). 
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The greater K loss on the basis of the dry weights may indi- 
cate a water loss of the experimental nerves while in the 
Ringer’s solution. In agreement with this it was found that the 
percentage of solids as computed from wet and dry weights 
was greater for the experimental than for the control nerves. 
The potassium loss in frog nerve is quite similar to that in 
rabbit nerve under similar conditions (van Harreveld, 51). 

B. Potassium loss in lobster nerve. A similar experiment as 
described for frog nerve was carried out with 3 cm lengths of 
nerve taken from the meropodite of walking legs of lobsters. 
The nerve was left for only one hour in sea-water (18°C.) 
through which O, was bubbled. The results of 10 experiments 
are shown in table 1. The K loss computed on the basis of the 
wet weights is 27.5%, on the basis of the dry weights 18.5%. 
This loss is highly significant (t 11.5 and 8.4 respectively). 
The K loss of lobster nerves was smaller when computed on 
the basis of the dry weights than on the basis of the wet 
weights. This would indicate that the experimental nerves had 
taken up water. A computation of the percentage of solids in 
experimental and control nerves supported this conclusion. 
Although the lobster nerves were isolated for one hour instead 
of two hours as in the case of the frog nerves, the potassium 
loss is considerably larger. 

C. The distribution of the potassium loss over the nerve. If 
the K loss is a consequence of the injury potential which causes 
a migration of sodium ions into the cut ends, and a loss of 
potassium ions through the mantle, then a decrease in the 
K concentration of the nerve adjacent to the cut end must be 
expected. To test this a 3 em length of lobster nerve was kept 
for one hour in oxygenated sea-water at 18°C. as described 
before. It was then divided into three equal pieces. The middle 
third of the nerve was weighed, dried and ashed separately ; 
the end pieces were treated together. The K content of the end 
and of the middle pieces was compared with that of a 3 em sec- 
tion of lobster nerve taken from the contralateral leg and 
weighed and dried immediately after dissection. The results 
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are shown in table 2. Based on the wet weights the middle 
pieces lost 7.5% which is not significant at the 1% level (t= 
2.4); the end pieces however lost 34.5% of their K. This loss 
is highly significant (t 19.2). Based on the dry weights the 
middle pieces gained 1% which is not significant (t 0.4), but 
the end pieces lost 26.5%, a highly significant loss (t —10.2). A 
comparison of the changes in middle- and end pieces shows the 
differences between the groups to also be highly significant 
(t= 7.6 and 7.4 respectively for the figures based on wet and 
dry weights). When the K loss of the entire nerve is computed 
from the potassium losses and weights of the middle- and end 
pieces, a deficit of 26% is found based on the wet weights and 
of 17.5% based on the dry weight figures. These figures are 
similar to those found by the direct determination of the po- 
tassium loss of a 3em piece of lobster nerve bathed in sea- 
water for one hour as shown in table 1. Again the loss based on 
the dry weights is smaller than that based on the wet weights, 
indicating that the nerve took up water during the experimental 
period. 

D. Changes in the sodium concentration of nerve. If the loss 
of the K in lobster nerve, kept in sea-water, is due to the activ- 
ity of the resting potential, then an increase in the sodium con- 
centration of the nerve adjacent to the cut end can be expected. 
In a series of experiments 3 cm sections of lobster nerves were 
kept in oxygenated sea-water for one hour. They were then 
cut in three equal pieces. The sodium content of the middle- 
and end pieces was compared with that of a 3cm length of 
nerve taken from the contralateral walking leg and weighed 
and dried without treatment. The results are shown in table 2. 
Based on the wet weights the middle piece of the experimental 
nerve showed an increase of 2.5% which is not significant 
(t—1.3). The Na concentration in the end pieces, however, 
increased 65.5%, a highly significant figure (t—9.1). The 
figures based on the dry weights revealed an increase of 3% 
for the middle piece (which is not significant, t = 1.2). The end 
pieces increased 78.5%, which is highly significant (t = 8.3). 
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The differences in gain of middle- and end pieces is highly sig- 
nificant statistically (t = 11.2 for both the wet and dry figures). 
The greater gain of Na when computed on the basis of the dry 
weights indicates that the lobster nerves, as in the experiments 
described above, take up water while being kept in sea-water. 
The gain in Na can be computed for the entire 3 cm length of 
the nerve. It was 44% based on the wet weights and 52.5% 
based on the dry weights (both are highly significant, t = 7.7 
and 8.1 respectively). 

EK. The locus of the potasswm loss of nerve. The findings of 
a potassium loss and a sodium gain near the cut ends of a nerve 
is compatible with either of two possibilities; (a) with the 
concept that the K loss is due to the action of the injury po- 
tential, and (b) with the possibility that K diffuses out, and 
Na diffuses into the cut ends of the nerve. To determine the 
locus of the K loss, a 5em section of lobster nerve was em- 
bedded in 5% gelatin in sea-water in the center of a tube of 
5mm in diameter. Since the gelatin melts at about 20°C. the 
lobster nerve need not be exposed to an unphysiologically ele- 
vated temperature. After cooling, the nerve with the sur- 
rounding gelatin was removed from the tube. A 3 em piece of 
the nerve was isolated by two razor blade cuts through the 
nerve and its gelatin covering. On the two cut surfaces were 
placed 1 em rods of 5% gelatin in sea-water of the same diame- 
ter as the gelatin covering of the nerve. The experimental 
setup is schematized in figure 1. The nerve embedded in gelatin 
was maintained at 18°C. for one hour. The oxygenation of the 
nerve is probably impaired but not prevented by the gelatin 
covering. Since lobster nerve is rather insensitive to oxygen 
lack (Wright, ’47) there is no reason to believe that this will 
damage the nerve, and indeed seemingly normal action poten- 
tials have been led off from lobster nerves, after having been 
embedded for an hour in gelatin. At the end of the hour the 
gelatin rods approximated to the ends of the embedded nerve 
were transferred to 5 cm’ volumetric flasks and weighed. The 
embedded nerve was cut in three equal (lem) pieces. The 
nerve was then pulled out of the gelatin and the three resulting 
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cylinders of gelatin were transferred to 5 cm? volumetric flasks 
and weighed. The gelatin was dissolved in warm doubly glass 
distilled water and the volume brought to 5 em’. An untreated 
gelatin control rod of the same composition and size was also 
made up to 5 em’ in a volumetric flask. The K content of the 6 
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Fig. 1 The lower part of the figure shows schematically a 3 em piece of lobster 
nerve (black) embedded in gelatin (striped). The graph in the upper part of the 
figure shows the release of potassium (in micrograms) into the 5 samples of gelatin 
surrounding and approximating the nerve. The heights of the blocks are propor- 
tional with the amount of potassium released in the gelatin samples. The figures 
are averages of 10 experiments. The standard errors are indicated. 


flasks was determined. The K concentration of all the gelatin 
samples surrounding and approximating the nerve had in- 
creased as compared with the control.t 

From the K concentration of the gelatin samples and their 
weights, the gain in K of the various samples contacting the 
nerve can be computed. The results of 10 experiments are 
shown in figure 1. The gelatin surrounding the end pieces of 

+The sea-water used contained 9 mM potassium/liter. The K concentration of the 


5% gelatin in sea-water solution was 13 mM/liter. Part of this excess potassium 
may not be ionized. 
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nerve gained the greatest amount of K (58.5 and 63 yg). The 
gelatin surrounding the middle piece gained less (32.5 ug), 
and the gelatin rods approximated to the end of the nerve 
gained least (15.5 and 17.5 ug). The statistical treatment of 
these figures shows that the gain in all the gelatin samples is 
significant at the 1% level (t—Jin all instances around 10). 
The differences between K gains in the gelatin from around 
the middle piece, and in that from around the end pieces of the 
nerve, and of the gelatin rods fixed at the ends of the nerve, 
are all significant at the 1% level. 

In a few experiments lobster nerves were embedded exactly 
as described above, with one exception, namely, that the gelatin 
samples were collected within one minute instead of an hour 
after the preparation was completed: The rods approximated 
to the ends of the nerve showed the greatest gain in potassium 
(8-9 ug). The gelatin surrounding the end pieces of the nerve 
gained somewhat less, and the gelatin surrounding the middle 
piece the least (about 4 yg). The gain in K of the rods must be 
due to their contact with the ends of the nerve mashed by the 
cutting. Since the gain an hour later has only about doubled 
(fig. 1) it may be coneluded that very little potassium diffuses 
from the gelatin surrounding the nerve near the cut ends into 
the rods approximated to these ends. The gain in K of the 
gelatin surrounding the nerve may be due at least in part to 
the ionic migration caused by the injury potential. It requires 
from 4 to 5 minutes to embed the nerve, allow the gelatin to 
solidify, cut a 3 em length of nerve and approximate the gelatin 
rods to the nerve ends. During this time the nerve will lose Kk 
through its mantle due to the injury potential. 


DISCUSSION 


The potassium and sodium concentrations based on the dry 
weights are independent of changes in the water content of the 
nerves. These figures therefore form.a more reliable indicator 
of changes in ionic concentration of the nerves than figures 
based on the wet weights. 
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From his discussion of the currents and potentials in injured 
frog nerve, Lorente de No (’47) concluded that the contribu- 
tions of successive membrane sections to the total injury cur- 
rent decrease with increasing distances from the injured point. 
The distribution of the injury potential along a transected frog 
nerve showed that these contributions become negligible be- 
yond 1.5 em from the injured region. The determination of the 
‘*space constant’’ (distance over which an electronic potential 
in the extrapolar region falls by a factor 1/e) of sepia axons by 
Weidmann (’51) would indicate that for this species the con- 
tributions of the membrane to the injury potential become 
negligible at a somewhat greater distance from the injured 
region than the value found for frog nerve. 

Potassium is the most abundant cation in the axoplasma. The 
nature of the anions is not completely known. Silber (’41) 
found that aspartic acid (and possibly other amino acids) ac- 
counts for part of the anions in the axoplasma of lobster nerve. 
Such organic ions are heavier than potassium, and have a 
smaller mobility. It would therefore seem that in the axo- 
plasma a considerable part of the current is carried by the K 
ions. Since the cut place is negative with respect to the mantle 
of the fiber, sodium ions will enter the axoplasma at this region 
from the surrounding medium where they are the most abun- 
dant cation. In order to maintain electrical neutrality this 
will necessitate the release of K ions through the mantle of 
the fiber. 

In the above concept the potassium released is proportional 
to the current through the membrane. Since the injury current 
is the largest through the sections of the membrane close to the 
injury and decreases with distance from the cut ends, the loss 
of potassium through the mantle of the nerve fiber should be 
the greatest near the cut ends. The observed release of potas- 
sium by isolated lobster nerve into the surrounding gelatin 
(fig. 1) is in agreement with this thesis. The potassium loss 
of the end pieces is almost twice that of the middle piece. The 
large release of K into the gelatin covering the end pieces of 
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the nerve and the small gain in K of the end rods becomes a 
strong argument against the loss of potassium by diffusion 
from the cut ends as was considered by Fenn and Gerschman 
(750). 

The middle third of the isolated nerve released an average 
of 32.5ug of potassium in one hour into the surrounding 
gelatin. Since the weights of the middle pieces average about 
20 mg this would correspond to a release of 40mM per kilo- 
gram. If this K was exchanged for Na such a loss would be 
easily detectable with the methods used. However, no signifi- 
eant loss of potassium or gain of sodium in that section of 
the nerve was observed (table 2). This is in agreement with 
the proposed mechanism of the potassium loss in isolated 
nerve, for the K lost through the mantle of the fibers in this 
nerve section is replenished by potassium which migrates in 
from the end pieces of the nerve. 

It was found that based on the dry weights the end pieces of 
lobster nerves lost 510 mM/ke potassium and gained 863 mM/ 
ke sodium (table 2). One would expect the gain in Na of the 
end pieces to be equivalent with the loss in K. However, it was 
observed that lobster nerves gained weight while being in sea- 
water. It seems possible that this weight increase was not due 
exclusively to an osmotic gain of water, but that the damaged 
ends of the nerve store some of the sea-water with its high 
sodium chloride concentration. 

Since the changes in K and Na concentration occur only near 
the cut ends of the nerve, the length of the isolated piece of 
nerve is of importance when determining such changes in the 
entire nerve. It is for this reason that a standard length of 
3 em was adopted in this investigation. 

The above observations were made on nerve that had been 
isolated for a relatively short period. With longer periods of 
isolation the situation may change considerably. The nerve 
in the immediate vicinity of the cut may become depolarized. 
The injury potential may decrease due to the ‘‘sealing over’’ 
processes at the cut ends (Gerard, ’30; Cowan, ’34; Lorente de 
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No, ’47). The original sharp concentration gradients of the 
sodium and potassium ions in the regions close to the cut ends 
will become more gradual due to diffusion. An active ‘‘sodium 
pump’’ may remove some of the sodium from the axoplasma. 
These factors make it difficult to estimate how far the sodium 
ions will penetrate into the axoplasma during a given time. 

Many authors have observed a loss of potassium and a gain 
of sodium in isolated nerves. Fenn and Gerschman (’50) con- 
sidered the possibility of a loss of potassium through the cut 
ends of the nerve. This is not supported by the present experi- 
ments. Steinbach and Spiegelman (’43), Keynes (’51) and 
Keynes and Lewis (51) considered as the only mechanism an 
exchange of sodium for potassium through the membrane. To 
what extent, if any, the ion transport due to the injury current 
has contributed to these results is difficult to estimate. Much 
depends on the duration of the injury current flow, the length 
of the isolated nerve, and on the region from which the sample 
was taken. 


SUMMARY 


Sections of frog nerve, 3 cm long, lost 11.5% of their potas- 
sium when bathed for two hours in oxygenated Ringer’s solu- 
tion containing glucose. Pieces of lobster nerve of the same 
length lost 18.5% of their potassium when kept for one hour 
in oxygenated sea-water. The middle third of such a 3 em piece 
of lobster nerve did not significantly change in potassium and 
sodium concentration. The thirds adjoining the cut ends lost 
26.5% of their potassium and increased 78.5% in sodium. It 
could be shown that lobster nerve releases potassium over its 
entire length, also the middle third of the isolated nerve which 
did not change in potassium concentration when kept for an 
hour in sea-water. The potassium lost by this section of the 
nerve was replenished from the potassium in the region near 
the cut ends. These observations support the thesis that the 
injury potential causes a migration of sodium ions into the axo- 
plasma through the cut ends of the nerve and a release of 
potassium ions through the mantle of the nerve fibers. 
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THE PROPAGATION OF IMPULSES 
IN MYELINATED AXONS 
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SIX FIGURES 


The theory of saltatory conduction in myelinated axons 
(Lille, ’25) has recently received support from many ob- 
servations (see for references Hodgkin, °51), although dis- 
senting opinions have also been expressed (Lorente de N6, 
47; Schneider, 49; Laporte, 51; Wolfgram and van Harre- 
veld, 52). A critical appraisal of the arguments presented 
in its favor reveals that the majority of the arguments 
adduced are indirect, i.e., that they are compatible with the 
theory, but that they do not prove it. The present study was 
undertaken with the purpose of subjecting the theory to 
more direct tests than those that have been used previously. 


METHOD 


Several myelinated axons were studied. In a few experi- 
ments the nerves of the lateral line of the carp were tested, 
namely, the nerves studied by Laporte (’51). According to 
Kynaston Thomas and Young (’49) the internodal distances 
in the large fibers of these nerves are relatively great. In the 
species we obtained, however, these distances were no greater 
than those found in frog axons; in addition the amplitude of 
the action potentials was quite small. For these reasons the 
study of these fibers was not pursued. 

In other observations the fibers from the Pacinian cor- 
puscles of the cat’s mesentery were dissected. The advan- 
tage of this preparation is that in many instances a single 
fiber runs isolated for several millimeters until it joins a 
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neighboring nerve trunk. The internodal distances in these 
fibers varied between 0.6 and 1.4mm (average 1.0mm). 

In order to observe single fibers included in a small nerve 
trunk, one of the fine cutaneous branches to the thigh of the 
7th spinal nerve of the frog was dissected, maintaining its 
connections to the nerve and cutting all the other branches. 
By selecting the stimuli applied to the nerve it was usually 
possible to study the fiber in the branch with the lowest 
threshold. The identification of the records from a single 
fiber is as a rule easily made on the basis of the pattern of 
the spike and of its all-or-nothing character. In the frogs 
used, the internodal distances of the large fibers in the cu- 
taneous branches in question varied between 0.8 and 1.8mm 
(average 1.2mm). The diameter of the branches varied be- 
tween 80 and 100 u. 

In some instances single fibers were isolated from different 
nerve trunks of frogs, following the technique described 
by Tasaki (’39). Unfortunately these fibers deteriorated 
promptly when placed in mineral oil. For this reason, not- 
withstanding the ostensible advantage inherent to the use 
of isolated single fibers that yield larger electric responses, 
the majority of the observations were carried out on the 
cutaneous nerve trunks mentioned above. 

The nerves were placed on platinum wire electrodes in a 
mineral oil bath. In addition to several fixed electrodes, to 
the two end ones of which the nerves were tied by fine silk 
threads, a movable holder was used, which supported one to 
three fine electrodes (diameter about 0.1mm). The move- 
ment of these electrodes was controlled by the micrometers 
of a microscope mechanical stage and was observed through 
a dissecting microscope. 

The fibers were stimulated from 5 to 25 times per second 
by rectangular pulses applied to two of the fixed electrodes. 
The stimulator used was a Grass Model S4A unit; it con- 
trolled and synchronized the sweep circuit of the cathode-ray 
oscillograph. The pulses were passed through a Grass stimu- 
lus-isolation unit, to eliminate any contact with ground. The 
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nerves were grounded usually between the stimulating and 
the recording electrodes. 

The electric responses of the fibers were led to a cathode- 
follower input stage, from this to a 5-stage resistance-capacity 
coupled amplifier, and finally to a cathode-ray oscillograph. 
The over-all non-distorted frequency range was from 2 to 
10,000 c.p.s. One or two independent similar recording chan- 


nels were employed. 
RESULTS 


A. The latency of the monophasic action potentials. In 
these observations the stimulating electrodes were in a fixed 
position, as well as the distal recording lead on dead tissue. 
The proximal recording lead was one of the movable elec- 
trodes. It was displaced along the fiber or trunk by steps of 
0.2 or 0.8mm. The corresponding responses were photo- 
graphed and were later studied after adequate enlargement. 

For reasons that will be given in the discussion, the point 
selected to measure the changes in latency was that cor- 
responding to 50% of the maximum amplitude, on the ascend- 
ing branch of the spike potential. Figure 1 illustrates typical 
results. It is clear that the scatter in the measured points 
does not allow to discriminate whether the latency increases 
in a continuous manner with conduction distance, or whether 
the increase is discontinuous, with breaks corresponding to 
the nodes (see the two curves drawn through the circles in 
ne. 1). 

In another series of observations two monophasic records 
were taken simultaneously, from two of the movable elec- 
trodes to a common lead on the crushed end. The difference 
in the latencies of the two spike potentials was plotted 
against the conduction distance along the fiber. As shown in 
figure 1 (lower tracing) these differences do not show discon- 
tinuities, but there are oscillations which may be attributable 
to the presence of nodes. 

B. The amplitude of the monophasic spike potentials. Fig- 
ures 2 and 3 illustrate the amplitude of the spike potentials 
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recorded from different points along a fiber. In all the ob- 
servations made, this amplitude did not exhibit cyclic oscil- 
lations attributable to the presence of the nodes. It remained 
practically constant, declining only in a gradual manner when 
the lead on intact tissue approached the damaged end of the 
fiber. 


msec. 
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Fig. 1 Latencies of the monophasic responses of a single fiber with increasing 
conduction distance. Single fiber in a frog cutaneous strand. Stimuli applied to 
the 7th spinal nerve. Ordinates: time in milliseconds. Abscissae: distances along 
the fiber in millimeters; the zero point is arbitrary. Circles and crosses: latencies 
of the responses from two recording electrodes displaced along the strand with 
a constant distance of 0.27 mm; these latencies were measured from the beginning 
of the stimulus artifact to 50% of the maximum amplitude on the ascending 
branch of the corresponding spikes. Dots: differences in the latencies between 
each pair of records, multiplied by 4. The dotted line shows the mean difference 
between the two upper lines, multiplied by 4. 
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C. The amplitude of the diphasic records taken in diff erent 
positions along the fibers. In these observations the stimu- 
lating electrodes were kept in a fixed position. A pair of 
recording electrodes with a constant interelectrodal distance 
of 0.2 to 0.6mm was moved by steps of 0.1 to 0.8mm along 
the fiber or trunk. 

The results were not uniform, because, as will be indi- 
cated in the discussion, several factors influence the ampli- 
tude of the diphasic records. The data, however, justify 
the statement that periodically recurring oscillations may 


Fig. 2. Diphasic and monophasic records taken from different points along 
an internodal segment. Single fiber in a cutaneous strand of the frog. Two 
electrodes with a constant distance of 0.4mm were moved by steps of 0.3mm 
along the strand. The upper tracings are records from these two electrodes. The 
lower tracings (with less amplification) are the records from the proximal electrode 
in this pair to another placed on the crushed peripheral end of the strand. 


appear, that are due to the position of the electrodes with 
regard to the nodes. Thus, in the frog nerves cyclical oscil- 
lations appeared, whose spatial period was within the range 
of the internodal distance measured in the large myelinated 
fibers. And, in favorable instances, in the single fibers of 
the Pacinian corpuscles this period coincided accurately with 
the internodal distances measured in the same fibers after 
fixation and staining with osmic acid. Figures 2 and 3 illus- 
trate characteristic examples. 

D. The amplitude and duration of the diphasic records 
as a function of the recording interelectrodal distance. In 
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Fig. 3 Records taken as in figure 2. Abscissae: distance along the strand in 
millimeters. Ordinates: maximal amplitudes in conventional units. Circles: mono- 
phasic responses. Crosses: diphasi¢ responses. 


Fig. 4 Diphasie records with variable recording interelectrodal distance. Single 
fiber in a cutaneous strand of a frog. The proximal lead was kept fixed, and the 
distal (see inset diagram) was moved by steps of 0.3mm so that the recording 
distance varied from 3.8 to 0.2mm. The drawings show the superimposed cor- 
responding records. Time calibration: 0.1 msec. 
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these observations, with fixed stimulating electrodes and also 
a fixed proximal recording lead, the distal recording elec- 
trode was moved away or toward the proximal lead by steps 
of 0.1 to 0.3mm. Within a range that depends on the duration 
of the rising branch of the spike potential and on the conduc- 
tion velocity of the impulses, the recording interelectrodal 
distance markedly modifies the amplitude and duration of the 
first phase of the diphasic records. As the interelectrodal 
distance increases, both the amplitude and the duration also 
increase. Figure 4 illustrates a characteristic group of rec- 
ords. It is interesting to note that the increase of amplitude 
with distance is approximately uniform, i.e., that it does not 
show any abrupt changes. 

E. The deriwative of the diphasic records with respect to 
distance. As pointed out by Huxley and Stampfli (’49) and 
by Hodgkin (’51) this derivative is of importance because 
it yields information on the inflow or outflow of current 
through the axon membrane. A direct record of this deriva- 
tive was obtained by placing three movable recording elec- 
trodes a, b and c, with short interelectrodal distances, e.¢., 
0.3 to 0.6mm (see diagram in fig. 5). The distance between 
a and b and that between b and c was deemed equal when 
each pair yielded diphasic records of equal amplitude when 
placed in the same position on the nerves. The three elec- 
trodes were on the same holder, so that these distances were 
preserved when they were moved along the nerve. 

The space derivative corresponding to the point in contact 
with electrode b can be obtained by summing algebraically 
the record from a to b to that from b to c. In some observa- 
tions this summation was obtained by connecting a and ¢ 
together and leading from this connection to b. In later ex- 
periments a summation that preserved the independence of 
the electrodes on the nerves was obtained as follows. The 
output of the preamplifiers used is a cathode-follower stage. 
This output from the two amplifiers connected with a and b, 
and b and ¢, respectively, was mixed as above and led to the 
input condensers of a single power amplifier. 
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The main purpose of these experiments was to explore 
the membrane current in the internodal regions. This re- 
quires observations with the three electrodes placed in these 
regions, which in turn requires relatively short interelec- 
trodal distances. But the difference between two diphasic 
records from small contiguous regions is quite small, so small 
that in many instances it is hardly above the noise level of 
the amplifiers. 

For these reasons, of a long series of experiments only a 
few were considered satisfactory. Figure 5 illustrates one 
of them. The records show cyclic oscillations of amplitude, 
but remain diphasic in all the positions of the electrodes. 
They thus indicate that an initial outflow is followed by a 
later inflow of current through the axon membrane and myelin 
sheath. 


DISCUSSION 


1. The latency of the monophasic spike potential. La- 
porte’s (’51) argument against saltatory propagation is based 
on the inference that the latency of the spike potentials 
increases uniformly with conduction distance and does not 
show any discontinuities corresponding to the nodes. This 
inference is at variance with the data reported by Huxley 
and Stampfli (’49), who found, that the latency of the first 
phase of diphasic records increased discontinuously with 
increasing distance, and that the discontinuities corresponded 


Fig. 5 Records of the diphasic character of the membrane current along 
an internodal stretch. Single fiber in a cutaneous strand of the frog. Three 
electrodes spaced 0.4mm apart (see diagram) were moved by steps of 0.1mm 
along the strand. The drawings show the records obtained by summing alge- 
braically the responses between electrodes a and b to those between electrodes 
band c, through the combination of the output of the two corresponding amplifiers. 
The horizontal lines that take the place of two of the records indicate that the 
signals were not clearly identifiable from the noise level. The middle line is the 
time callibration of the records, with 0.1 msec. intervals. 

The diagram at the bottom is drawn to scale to show the size of the electrodes 
as compared to the average internodal distance, and diameters of the fibers and 
strands. 

Fig. 6 Diagram used to show that the propagation of impulses is continuous. 
For explanation see text. 
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to the location of the nodes. Laporte’s inference is based on 
inadequate data; his records show an important scatter, too 
great to allow a discrimination between the two opposed 
views in question. On the other hand, the present data prove 
that the interpretation of Huxley and Stimpfli is not accepta- 
ble, as will be shown below. 

First, it is important to stress that the measurements of 
latencies are subject to several sources of error, which, al- 
though not important for the determination of conduction 
velocities over relatively long stretches of nerves, become 
quite significant when the differences of latency to be deter- 
mined are in the order of small fractions of a millisecond. 
Laporte used sometimes the beginning of the spike potential, 
sometimes the peak, for his measurements. Both these points 
are difficult to determine, since the derivative of the spike 
with respect to time changes very slowly in those regions. 
The point whose latency can be determined with greatest 
accuracy is the inflection point on the rising branch, where 
the derivative is greatest (see Rosenblueth, Wiener, Pitts 
and Garcia Ramos, ’48). For this reason we selected in the 
present study the point with half the maximum amplitude, 
which is near the inflection point and is more readily meas- 
ured. 

As shown in figure 1, however, even if the point selected 
can be accurately measured, the scatter of the values found 
does not allow to discriminate whether the latencies vary 
continuously or discontinuously. In addition to amplifier 
noise, a reason for the scatter found is that the latency at 
a given point is not only determined by the conduction dis- 
tance, but also by the duration of the initiation delay, which 
may vary importantly, especially, if the stimuli are only 
slightly above threshold (see Blair and Erlanger, ’33, ’36; 
Lorente de N6, 747; Rosenblueth and Luco, ’50). 

The changes in the amplitude and duration of the diphasic 
records taken with variable interelectrodal distance, illus- 
trated in figure 4, show conclusively that the latency of the 
monophasie spike potential increases gradually and uniformly 
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with the conduction distance. A diphasic record can always 
be interpreted as the algebraic sum of two monophasic rec- 
ords, because this interpretation only states that Kirchhoff’s 
e.m.f. law applies to nerves, much as it applies to physical 
circuits (see Rosenblueth, Daughaday and Bond, ’43). The 
rising branch of the diphasic records shows the development 
of the spike potential at the region in contact with the proximal 
electrode. The later drop is due to the development of a 
similar spike at the level of the second electrode. Thus, the 
records in figure 4 show that the spike potential develops 
gradually later at the region in contact with the distal elec- 
trode when this electrode is gradually moved away from the 
proximal one. 

This conclusion is supported by the measurements of latency 
shown in figure 1. There-is always an approximately constant 
difference of latency between the spike potentials recorded 
from two electrodes less than 1mm apart, regardless of the 
position of these electrodes with respect to the nodes. Given 
the conduction velocity of the fiber, this difference agrees 
with the interelectrodal, not with the internodal distance. If 
the latency of the monophasic responses were constant through 
any given internodal space the graph of the differences would 
have yielded mainly zero values with sudden jumps to positive 
values when a node lay between the two leads on intact tissue. 

As mentioned above, Huxley and Stiampfli (’49) reported 
that the latency of the first phase of diphasic responses 
remained constant along the internodal stretches, and only 
increased by steps when a nodal length was added to the 
conduction distance. We attribute this discrepancy between 
their results and ours to differences in the method of re- 
cording. They recorded from two pools of Ringer’s solution 
in which the ends of the nerves were immersed, joined by 
a fine capillary channel through which an isolated single 
fiber was threaded. In these conditions, it is likely that the 
records correspond mainly to the events taking place at the 
nodes in the pools in the close neighborhood of the ends of 
the capillary channel, since their diffuse electrodes always 
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made contact with these nodes. The position of the capillary 
in the internodal stretch would then have no influence on the 
latency of the nodal responses. It is important to mention, 
however, that using essentially the same method, Hodler, 
Stampfli and Tasaki (52) found a gradual increase of latency 
as the recording stretch moved along an internodal segment. 

2. Formulation of the saltatory theories. It is interesting 
to note that the majority of the studies on the problem do not 
formulate precisely what is meant by saltatory propagation, 
and what is the mechanism of the propagation. Saltatory 
usually means discontinuous, but there are several possi- 
bilities of discontinuity. 

Erlanger and Blair (’34) suggested that the myelinated 
axons are constituted by unitary segments, bounded longi- 
tudinally at the nodes. Hach segment would become active 
and stimulate the following one. Propagation velocity would 
then depend on the lag of transmission across nodes. This 
view dismisses the role of eddy currents in propagation, which 
is strongly supported by the evidence available. We shall, 
therefore, not consider it further in this discussion. 

According to Huxley and Stampfli (749) activity occurs 
exclusively at the nodes, i.e., the internodal stretches are in- 
active. The same view was adopted by Hodgkin (’51). Tasaki 
at first upheld the same hypothesis (’39), but later has sug- 
gested that propagation is saltatory with respect to space but 
not with respect to time, that is, that there are spatial dis- 
continuities in the physiologically active regions, namely, the 
nodes, but that the process of propagation is continuous in 
time (see Hodler, Stampfli and Tasaki, ’52). 

8 The insulating properties of the myelin sheath. <Al- 
though no direct measurements are available, it is quite likely 
that the resistivity of myelin is very high. The view held 
originally by Tasaki (’39), that the myelin sheath must be 
regarded as a practically perfect electric insulator, however, 
is no longer tenable, since currents may flow across this 
sheath (Huxley and Staimpfli, 49; Hodler, Stampfli and Ta- 
saki, 52; and the present study). 
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4. Arguments wm favor of saltatory propagation. The ma- 
jority of the arguments that have been proposed in favor of 
the theory of saltatory propagation are indirect and are not 
incompatible with the theory of continuous propagation, as 
follows. 

It has been proved conclusively that several features of 
myelinated axons exhibit cyclic oscillations when explored 
at different points along the fibers, and that the spatial period 
of these oscillations corresponds to the internodal distances. 
Thus, the threshold to electric stimuli varies cyclically when 
the stimulating electrode or electrodes are moved along a 
fiber (Kubo and Ono, 734; Hodler, Stimpfli and Tasaki, 52; 
Rushton, ’52). Again, the amplitude of the first phase of 
diphasic records taken with a fixed short interelectrodal 
distance varies with the position of the recording region with 
respect to the nodes (Huxley and Stampfli, 49; the present 
observations) ; and the rate of development of this first phase 
also varies systematically at different regions in an internodal 
stretch (Huxley and Stiampfli, ’49; Hodler, Stampfli and Ta- 
saki, 52; the present observations). And finally, the mem- 
brane current during activity is greater at the nodes than 
in the internodal regions (Huxley and Stampfli, ’49; Tasaki 
and Tasaki, 50; the present observations). 

But the fact that the properties of myelinated axons differ 
at the nodes from those encountered in the internodal regions 
does not prove that propagation is saltatory, if the term is 
used to imply that the only active segments are the nodal 
segments. If the myelin sheath is a reasonably good insulator 
all the differences cited above would appear even though the 
nodal stretches became active and the propagation of impulses 
were continuous. In other words, the periodic spatial differ- 
ences in question may be considered evidence for the insulat- 
ing properties of myelin, and not for the saltatory conduction 
of impulses. 

That saltatory propagation is possible, that is, that the 
margin of safety in axons is sufficient for discontinuous acti- 
vation, has been proved by the observations of Tasaki (739), 
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of Huxley and Stampfli (49) and of Frankenhaeuser and 
Schneider (’51), in which an impulse went beyond a blocked 
region when an adequate external conductor joined the regions 
behind the block to those ahead of it. But the possibility 
of discontinuous propagation does not prove that such a 
propagation occurs normally; it is a necessary, but not a 
sufficient condition with regard to the theory. 

5. The continuous propagation of wmpulses in normal my- 
elinated fibers. As pointed out by Wolfgram and van Harre- 
veld (’52), the fact that an impulse may propagate through 
an internodal segment even when the external impedance 
connecting the nodes is very high, cannot be regarded as 
conclusive proof for continuous propagation until more accu- 
rate data shall become available on the amount of current 
necessary for nodal stimulation. 

Huxley and Staimpfli (’49) have reported that, while cur- 
rent first leaves and then enters the axon at the nodes, in the 
internodal segments there is only an outward current flow. 
They consider this fact as conclusive proof that the inter- 
nodal segments do not become active, but serve merely as 
internal conductors for nodal successive activation. The argu- 
ment is not as decisive as it appears at first sight, because if 
propagation were continuous inside the myelin sheath, and 
this sheath had rectifying properties, only an outward flow 
of current would be observed in the internodal regions. 

The present study, however, shows that the membrane cur- 
rent alternates at the internodal segments when impulses 
propagate, much as it alternates at the nodes. First, we may 
mention the diphasic character of the direct measurements 
of membrane current, carried out by differentiating the longi- 
tudinal currents with respect to distance, as described in 
section H. The magnitude of these membrane currents is 
smaller at the internodal than at the nodal regions but an 
initial outward flow is always followed by an inward flow 
(fig. 5). 

The diphasic character of the membrane current in the 
internodal segments is also proved by the changes in the 
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diphasic records taken with variable interelectrodal distances. 
Let us consider the implications of the theory of saltatory 
propagation with regard to these changes. In figure 6 A is 
shown the temporal development of the monophasic spike 
potential in three successive nodes, a, b and c. Let us first 
assume that myelin is a perfect insulator, i.e., that it does 
not allow any outflow or inflow of current. In this case cur- 
rent flows from b to a during the period t,-t,;. A diphasic 
record taken within the internodal segment a—b would show 
negativity of the proximal electrode throughout this period. 
At time ¢, the current would suddenly reverse throughout the 
internode. If then, the record from electrodes a and 8 (fig. 
6 C) were compared with that from a and y the first phase of 
the latter would be greater in amplitude than that of the 
former, but their duration would be the same. It is clear that 
if the distal electrode is moved to position 6 the duration of 
the first phase would suddenly increase from t)-t, to to-t., 
and that this duration would be the same for positions 6 
and <. The diphasic records with gradually increasing inter- 
electrodal distance, therefore, would behave in the case con- 
sidered as shown in figure 6 B. 

We next assume that myelin is not a perfect insulator, but 
allows the outward flow of current from the passive inter- 
nodal segments, as was suggested by Huxley and Stampfli 
(49). At time t, current flows from the middle regions of 
the internode, e.g., from the region in contact with 6, both 
toward a and toward J, i.e., in the segment a—$ the current 
is to the left, and in the segment 6-y it flows to the right. But 
in those circumstances the record from a to B would still show 
negativity of a, whereas that from a to y would already show 
isopotentiality. In other words, this assumption implies that 
within an internode the first phase of the diphasic records 
would last longer for shorter than for longer interelectrodal 
distances. 

In fact, as shown in figure 4 the first phase of the diphasic 
records increases not only in amplitude, but also in duration, 
when the distal electrode is moved away from the proximal 
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lead even by steps as small as 0.2 mm, that is, by steps smaller 
than the internodal distances of the fibers studied. This fact 
contradicts the hypotheses considered above, and proves that 
there is not only an outward, but also an inward membrane 
current in the internodal segments. Let us return to the 
diagram in figure 6C and designate the monophasic spikes 
that develop at the different electrodes by the corresponding 
Greek letters. The records in figures 1 and 4 indicate that the 
spike begins earlier at 6 than at y. They also indicate that 
the a spike intersects first the 8B and later the y spikes. In 
addition the B spike also intersects the y response, since the 
two electrodes B and y also yield a typical diphasic record. 
It is thus clear that throughout the period between the two 
intersections, a-B and B-y, B is electronegative both with re- 
spect to a and to y. There is thus an external current flow 
toward 8 coming both from the a and from the y regions. 
These currents from opposite directions can only coexist if 
they enter the internodal segment at B. 

Summarizing, we find that the axon membrane at the inter- 
nodal spaces has a demarcation potential (Tasaki, ’52); that 
it develops typical action potentials (Tasaki, *52); that it 
may be stimulated electrically to originate propagated nerve 
impulses (Schneider, 50; Tasaki, 50, 52); and that it not 
only allows outflow, but also receives inflow of current during 
the passage of nerve impulses (the present study). There 
is thus no reason to believe that this membrane differs from 
that at the nodes, nor is there any reason to assume that 
propagation is saltatory in myelinated fibers. 


SUMMARY 


The responses of single myelinated fibers in the fine cutane- 
ous branches to the thigh of the 7th spinal nerve of the frog 
were recorded at different points along the internodal seg- 
ments. 

The latency of the monophasic responses increases gradu- 
ally with gradually increasing conduction distance (fig. 1). 
The amplitude of these responses remains practically con- 


PROPAGATION IN MYELINATED AXONS 363 


stant (figs. 2 and 3). The amplitude of the diphasic records 
taken with a small constant interelectrodal distance, on the 


other hand, shows systematic changes that recur periodically 
(figs. 2 and 8). 

The amplitude and duration of diphasic records taken 
with progressively larger interelectrodal distances increase 
throughout the internodal stretches (fig. 4). The membrane 
current alternates not only at the nodes, but also in the inter- 
nodal myelin-covered regions (fig. 5). 

It is shown in the discussion that these features of the 
responses aré incompatible with the theory of saltatory 


propagation, and that propagation, therefore, is continuous 
in these, as in other fibers. 
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INTERRELATIONSHIPS BETWEEN CELLULAR 
RESPIRATION AND CELL GROWTH 
IN TISSUE CULTURE} 
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THREE FIGURES 


The purpose of this investigation is to demonstrate relation- 
ships that exist between cellular respiration and cell growth 
in tissue culture. In previous studies (Danes and Leinfelder, 
01) it has been demonstrated that cellular growth in tissue 
cultures is altered when respiration is inhibited by hydrogen 
cyanide. This dependence of certain cells on an aerobic me- 
tabolism was shown by the curtailment of cellular migration, 
the occurrence of aberrant nuclear forms, and cytolysis in 
cultures exposed to varying concentrations of cyanide. How- 
ever, in order to relate such cytological changes quantitatively 
to inhibition of respiration, it was necessary to develop an 
adequate technique for measuring the respiratory activity of 
tissue cultures. In this laboratory the Zeuthen (’48) Cartesian 
diver microbalance for weighing tissue fragments and the 
Gregg (’47) capillary microrespirometer were adapted into 
a single apparatus for use in metabolic studies of tissue 
cultures (Danes, Christiansen and Leinfelder, 753). By use 
of this apparatus it was possible to weigh, culture, determine 
the respiration, and finally make morphological studies on the 
same tissue explant. 


This research was made possible through a grant from the Damon-Runyon 


Memorial Fund. 
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MATERIALS AND METHODS 


By the use of the Cartesian diver microbalance-capillary 
microrespirometer the respiration of 7-day embryonic chick 
heart cultures was measured under (1) control conditions 
and (2) under the influence of various concentrations of 
hydrogen cyanide (a) during the entire culture period, (b) 
for the first 24 hours of growth, and (c) after 24 hours of 


TABLE 1 


Cyanide concentrations 


CalGNata (OH), 29 Sentai na 
0.650 c 2.0 < 10s 
0.313 8.3 x 10+ 
0.081 20 K 10+ 
0.0375 82 10> 
0.0188 pi Ee i 
0.0090 Ls: 103 
0.00413 7.6 xX 104 
0.00225 4.0 X 10% 
0.00125 22 LO 
0.00050 8.8 X 107 
0.00021 3.8 X 107 
0.00015 2.9 x 10% 
0.00010 1,9°¢ 10% 


control growth. These respiratory rate observations were 
then correlated with observations of cellular activity for each 
culture. 

Respiratory actiwity was measured initially, and after 12, 
24, 36, 48, 60, and 72 hours of growth. Oxygen uptake was 
calculated in two ways: (1) microliters per milligram reduced 
weight of the initial explant per hour and (2) microliters per 
1000 migrated cells per hour. 

Ca(CN),.Ca(OH). solution was used as a cyanide source 
(Robbie, ’46). Table 1 lists the concentrations of Ca(CN),- 
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Ca(OH). used as stock solutions and the resulting molarity 
of HCN in the experimental media. During cyanide experi- 
ments a drop of Ca(CN).Ca(OH), was placed at the base 
of the capillary respirometer tube instead of potassium hy- 
droxide. 

Cytological activity was evaluated by (1) the growth rate 
expressed as migrated cells per unit time, (2) mitotic index, 
and (3) the occurrence of aberrant nuclear forms. 


OBSERVATIONS 
Respiration 


Control experiments. Respiration was initially recorded as 
microliters per milligram reduced weight per hour. Such 
values showed that the rate of oxygen consumption increased 
throughout the 72-hour growth period (fig. 1). This fact 
seemed logically to be related to mitosis and the resulting 
increased cell population. Since there is no direct relation- 
ship between the initial weight of a tissue fragment to be 
cultured and the subsequent cell mitosis and migration, the 
measured increased oxygen uptake could not be related quan- 
titatively to cellular activity by such determinations. There- 


fore, oxygen consumption was calculated as microliters per 
5) JD 


: 1 Os total — ul Os» initial 
1000 migrated cells ( number of migrated cells i Such values have 


ereater significance because the increased respiration can 
be related directly with the increased cellular. activity. 

As shown in figure 2, the oxygen uptake per cell per hour 
is higher during the first 12 hours of the culture period than 
during the subsequent 60 hours.? During the succeeding 60 
hours of growth the respiration per cell remains constant 
and there is remarkably little variation in the oxygen uptake 
from culture to culture in a given period. The average oxygen 
uptake expressed as microliters per 1000 migrated cells per 
hour is 1.76. 


2This could be due to cell division within the explant resulting in an increased 
number of cells which are not observable. 
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Hydrogen cyanide inhibition experiments. 


Constant exposure. The effects of various concentrations 
of cyanide on the respiration of cultures exposed constantly 
for the entire 72 hours of the culture period are shown in 
table 2. There appear to be two definite phases of inhibition 
of respiration: (1) With the low concentrations, the first 
phase of inhibition consists of an abrupt curtailment of res- 
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OXYGEN UPTAKE-MICROLITERS PER 1000 MIGRATED CELLS 


12 24 36 48 60 Wie Hours 


Fig. 2 Respiration of cultures during 72-hour culture period. Respiration cal- 
culated on 1000-cell per hour basis. 
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piration to less than one-half the control oxygen uptake. 
(2) With a concentration of 3.8 x 10-° M and stronger, there 
is an increasingly more pronounced inhibition of oxygen up- 
take until with 107? M cyanide, oxygen consumption is re- 
duced by approximately 95%. At this concentration signifi- 
cant measurement of respiratory activity cannot be accurately 
determined because cellular migration is completely curtailed. 
A residual 5% oxygen uptake remains with increased cyanide 
concentrations. 

Exposure for the first 24 hours of growth. Cultures in- 
hibited during the first 24 hours of growth show some re- 
covery during the subsequent control period (table 3). 
However, after the removal of the source of cyanide any 
recovery of respiratory activity is only partial and inversely 
proportional in amount to the concentration of cyanide. When 
oxygen uptake has been inhibited more than 90%, measurable 
evidence of any recovery is not obtained. 

Exposure after 24 hours of control growth. The influence 
of HCN on established growing cultures is greater than on 
cultures exposed throughout the entire culture period (table 
4). A cyanide insensitive respiration ranging from 0.09 to 
0.15 ul per hour or approximately 5% of the control continues 
even when histologic examination demonstrates that all of 
the migrated cells are cytolyzed. 


Cell growth 
Hydrogen cyanide mlibition experiments. 


Growth evaluated on the basis of cellular migration and 
mitosis is affected by the depression of respiration by hy- 
drogen cyanide. 

Constant exposure. During the first 24 hours of growth 
there is no noticeable curtailment of migration under the 
influence of the lower cyanide concentrations used, but with 
increasing concentrations of HCN cellular migration is pro- 
gressively reduced. Although with a concentration of 10-* M 
hydrogen cyanide there is no recognizable evidence of migra- 
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tion, this does not per se eliminate the possibility of activity 
within the explant. Besides being related to the concentration 
of cyanide, the inhibition of cellular activity is more pro- 
nounced after prolonged exposure to HCN (table 2). Cultures 
show a progressively greater curtailment of cell migration 
throughout the 72-hour exposure period. 

The occurrence of cell division gradually decreases with 
increased curtailment of migration until mitotic figures are 
not seen (table 2). With the cessation of normal division, 
the appearance of such abnormal nuclear forms as bilobed 
nuclei, binucleated cells and fragmented nuclei increase. When 
cellular migration is nearly completely curtailed, few nuclear 
abnormalities are seen, indicating that the few cells that 
migrate from the explant do not attempt to divide. 

Exposure for the first 24 hours of growth. Cultures in- 
hibited partially during the first 24 hours of cultivation re- 
cover sufficiently at the end of 48 hours of control growth 
to show a cell count comparable to the control (table 3). With 
increasing inhibition of cellular migration, the recovery is 
less complete. Cultures whose migratory activity was com- 
pletely inhibited by HCN during the first 24 hours of culti- 
vation show no cellular activity during subsequent culturing 
under control conditions. 

Exposure after 24 hours of control growth. The reversi- 
bility of partial inhibition at lower concentrations is not seen 
in cultures exposed to cyanide after 24 hours of control 
growth. Growing cells exposed to HCN after 24 hours of 
control growth undergo cytolysis (table 4) at concentrations 
that do not affect them when exposed constantly from the 
time of cultivation. 


DISCUSSION 


Respiration of embryonic chick heart cultures has been 
determined by several investigators on the basis of the dry 
weight of the tissue explant (table 5). If our data is caleu- 
lated in these terms, the value falls.near the mean for the 
reported Qo, values. However, the measurement of respira- 
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tory activity on the basis of initial fresh weight or final dry 
weight of the tissue fragment is unsatisfactory, for no cor- 
relation can be made between respiratory activity and cell 
growth. Therefore, respiration was calculated on the basis 
of oxygen uptake per 1000 migrated cells per hour. Changes 
in respiratory activity can then be correlated with cell migra- 
tion and division. 


TABLE 5 


Comparison of respiratory rate determinations on embryonic chick heart cultures 


SOURCD OF DATA AGE OF CULTURE Qo. 

days ul/mg. d. wt./hr. 
Warburg and Kubowitz (’27) 3 22.9 
24 12.5 
over 1300 12.0 
Meier (31) 4 19.7 
Laser (732, 733) us 15.4 
5 12.7 
10 7.8 
Lipmann (’32) 1 27.5 
3 22.1 
over 30 13.6 
From figure 1 0 (explant) 10.4 
4 13.2 
it 18.2 


In this study it was possible to demonstrate that definite 
alterations in the activity of heart fibroblasts in culture occur 
when respiratory metabolism is inhibited. Cellular migra- 
tion, mitosis, and cell integrity are affected when respiration 
is inhibited by hydrogen cyanide (fig. 3). 

Cellular migration can be unaffected, partially or completely 
curtailed by inhibition of respiration. With slightly lowered 
oxygen uptake, there is no evident inhibition of cellular 
migration. Thus cells may migrate from the explant when 
respiration is slightly curtailed. Further evidence to sub- 
stantiate this statement is seen in cultures partially inhibited 
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for only the first 24 hours and then allowed to grow under 
control conditions for 48 hours. Cellular migration is soon 
comparable to that in control cultures, even though the res- 
piration remains slightly depressed. However, when the in- 
hibition of oxygen uptake is increasingly inhibited, migration 


* 
Ne CELL COUNT 
( CONTROL= 286/CULTURE ) 


~—ABERRANT NUCLEI 
(% OF TOTAL CELLS) 


( CONTROL=0.0018 
HL/CELL/ HOUR) 


CELLULAR ACTIVITY - PERCENT OF CONTROL 


1077 1o°§ 10°§ 1074 1io°3 
CONCENTRATION OF CYANIDE - MOLES PER LITER 


Fig. 3 Summary to show certain relationships between cell growth and respira- 


tion. Respiration and cellular activity of 24-hour cultures under constant exposure 
to HCN. 


is progressively curtailed. Complete absence of migration oc- 
curs when respiratory activity is nearly totally suppressed. 
This assuredly indicates that cellular migration is dependent 
on aerobic metabolism. 

Inhibition of respiration also has an effect on mitosis, for 
as shown in figure 3, the occurrence of mitotic figures rapidly 
decreases as the oxygen uptake is curtailed by increasing 
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concentrations of HCN. In addition the appearances of nu- 
merous aberrant nuclei in partially inhibited cultures sug- 
gests that normal cell division, although being instigated, 
is not being completed. The absence of abnormal forms when 
respiration is nearly totally inhibited indicates that the few 
cells that migrate do not attempt to divide. 

Maintenance of the integrity of the cells appears to be 
dependent on aerobic respiration, for cells whose respiration 
is nearly totally curtailed from the time of culturing die. 
However, some depression of respiration is compatible with 
continuation of cell life. Cells in control cultures show ey- 
tolysis when respiration is partially curtailed (table 4). All 
of this evidence indicates that the embryonic chick heart 
fibroblast is almost completely dependent upon an aerobic 
energy system. 

Respiratory activity throughout the culture period in both 
control and inhibited cultures indicated that mitosis may 
occur in the explant, following which one of the resulting 
daughter cells migrates into the clot. 


CONCLUSIONS 


1. The respiration of chick heart fibroblast is remarkably 
constant over a period of 72 hours. The average oxygen 
uptake expressed as microliters per 1000 migrated cells per 
hour is 1.76. 

2. Oxygen uptake of the growing fibroblasts is reduced by 
increasing concentrations of cyanide. At all concentrations 
of cyanide used, the respiration rate, although lower than 
the control, remains constant throughout the culture period. 

3. Definite alterations in the activity of heart fibroblasts 
occur when respiration is inhibited. The curtailment of cel- 
lular migration, the cessation of normal division and the 
occurrence of aberrant nuclear forms, and cytolysis indicate 
that cell growth is affected by inhibition of cellular respira- 
tion. 
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ENZYME DISTRIBUTION 
IN ISOLATED PARTICULATES OF RAT 
PERIPHERAL NERVE! 


L. G. ABOOD AND R. W. GERARD 
Division of Psychiatry and Department of Biochemistry, University of Illinois 
College of Medicine, Chicago 


TWO FIGURES 


In the cell bodies of neurones and glia there is a marked 
localization of energy-yielding oxidizing and phosphate- 
splitting enzyme systems in the cytoplasmic mitochondria. 
The less important glycolytic system appears in the soluble 
fraction and choline esterase is divided, but largely in the 
particulates (Abood and Gerard, ’52a). If either ATP or 
ACh is primarily concerned with the actual functioning ma- 
chinery, rather than serving as an energy source (Abood, 
Gerard and Tschirgi, ’51b; Gerard and Taylor, ’53; Falk and 
Gerard, ’54), its enzymes would be expected mainly in the 
membrane — where, indeed, they have been reported for the 
squid giant axone (Libet, ’48; Nachmansohn et al., 43). For 
the nerve fiber, especially, the energy of the resting and ac- 
tive metabolism appears to be concerned mainly with main- 
tenance of the membrane and of the ion populations it sepa- 
rates; so oxidizing systems might also be expected in or 
near the membrane. It seemed, therefore, of great interest 
to learn if the enzymes controlling oxidation and phosphate 
metabolism (and ACh) are localized in mitochondria in pe- 
ripheral nerve. The finding (Gasser, 52) that these particu- 
lates are clustered at the nodes of Ranvier, where the ‘‘naked’’ 
membrane presumably does the bulk of ionic work, is of 
especial interest in this connection; and the very rich mito- 
chondrial content of Schwann cells is also significant. This 
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study is concerned with the localization of enzymes in par- 
ticulates of peripheral nerve, using separation techniques. 
Functional inferences can be drawn from their distribution. 


MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing about 350 gm and fed 
Purina Dog Chow ad libitum were used throughout. Nerves 
were removed at room temperature, after stunning the ani- 
mal by a blow on the head; for preliminary analyses showed 
that chilling the rats in acetone-dry ice immediately after 
stunning did not alter the amount and distribution of phos- 
phorylated intermediates. Sciatic, brachial, and spinal nerves 
were combined and, after removal of connective tissue, ho- 
mogenized for 5 minutes (Potter-Elvehjem homogenizers) ; 
in ice-cold isotonic KCl for direct enzyme studies, in 0.25 M 
sucrose for particulate separation. 

Phosphorylated intermediates were analyzed following 
LePage and Umbreit (’49); the acid insoluble phosphorus 
components, following Schneider (’45); succinic dehydro- 
genase and cytochrome oxidase, following Schneider and 
Potter (’43); malic dehydrogenase and DPN-cytochrome ¢ 
reductase, following Potter (’49); adenylpyrophosphatase, 
following DuBois and Potter (’43), but with 0.05 M histidine 
buffer replacing barbital buffer; alkaline phosphatase, fol- 
lowing Bodansky (’37); aldolase, following Sibley and Lehn- 
inger (’49);, adenylic kinase, following Kornberg (50); and 
adenylic deaminase as follows. To conical centrifuge tubes 
were added: 0.25 em® of 0.1 M histidine buffer, pH 7.5, 0.2 em? 
of 10-* M AA, and 0.2 em® of tissue. The mixture was incu- 
bated at 37° for 20 minutes and the reaction then stopped 
with 1.0cm* of 3% perchloric acid; 0.2 cm* was removed. 
The optical density at 260 mp was determined on a 0.2 cm? 
sample with the Beckman DU Spectrophotometer. 

The cytoplasmic particulates were prepared by a modi- 
fication of the method of Schneider (’48). Centrifuging was 
done in a Spinco ultracentrifuge at 0° C. Fragments, stroma, 
and Schwann nuclei were removed by three successive cen- 
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trifugations at 1000 x g for 5 minutes, fraction R,; mitochon- 
dria, a few fragments of Schwann nuclei and small axones 
(axoplasm extruded), and some ‘‘microsomes’’ were next 
spun down at 10,000 « g for 20 minutes, fraction R,; ‘‘micro- 
somes,’’ spherical particles ranging in diameter from 100-500 
mu were then sedimented at 20,000 * @ for 30 minutes, frac- 
tion R;; and finally particles less than 100 mp in diameter 
were obtained at 60,000 to 70,000 x g for 30 minutes, fraction 
R,. The final supernatant, fraction S, was almost clear; lipid 
agelutinations, which commonly formed, could be removed 
by straining through cheesecloth. 


Fig. 1 Electron micrograph of isolated mitochondria (R,) from rat peripheral 
nerve. A drop of the mitochondrial suspension (0.25 M sucrose) was placed 
on screen and exposed to osmie acid vapors for 12 hours. Sucrose was washed 
thoroughly with distilled H,O, the preparation was then dried anc ‘«shadow-cast.’’ 
The instrument was an RCA-EMU. Magnification x 5,000. 
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The various fractions were examined under ordinary or 
phase contrast microscopes, unstained or after staming with 
Janus green B or methylene blue; and photomicrographs 
made under the electron microscope, usually after shadow 
casting. 


Fig. 2. Electron micrograph of ‘‘microsomes’’ (R,) from peripheral nerve. 
Magnification X 8,000. 


RESULTS 


Differential centrifugation achieved a fairly complete sepa- 
ration of the different sized particles, the separate frac- 
tions being predominantly Schwann nuclei and nerve frag- 

ments (R,), mitochondria (R.), and microsomes (R, and R,), 
as mentioned above. The nuclei stained well with both dyes, 
which set them off from the few unhomogenized nerve frag- 
ments and myelin figures also present. The mitochondria, 
with very few fragments of small nerve fibers, connective 
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tissue, nuclei, and myelin figures, were seen well with phase 
contrast and varied in shape from rods to spheres and in 
diameter from 0.5 to 1.5 u. They stained with Janus green B 
much more quickly and deeply than did the Schwann nuclei 
and stained somewhat with methylene blue. The microsomes 
were seen as good spheres under the electron microscope '; 


TABLE 1 


Phosphorylated intermediates of rat sciatic and spinal nerves 


Average of 4 experiments agreeing within 7% 


SCIATIC SPINAL RATIO 

uM / gm aM /gmn 
Total P 12.2 30.6 2.5 
Inorganic P 5.2 15.8 3.0 
Glucose-1-Phosphate 0.15 0.20 1.3 
Glucose-6-Phosphate 1.00 1.35 1.4 
Fructose Phosphates 0.31 0.27 0.9 
Phosphoglyceric Acid 0.60 0.82 1.4 
ADP 0.76 0.68 0.9 
ADP 0.20 0.37 1.8 
AA 0.30 0.50 se 
Phosphocreatine 2.00 5.42 2.7 

TABLE 2 


Nitrogen and acid insoluble phosphorus distribution of rat nerve 
particulates fractions 


% OF TOTAL ACTIVITY % 
SRE R, Ro Rs Ry S RECOVERY 
uM / gm 
Nitrogen 933 92.5 184 13.5 22.6 24.4 101.4 
Phospholipid P 90.0 AO LS Onlin om RaoD ileett 97.0 
Nueleic Acid P 2.96 poe lO. 7.05 © 63:2 7.0 102.8 
Phosphoprotein P 1.26 41.0 40.0 4.0 3.3 6.6 94.9 


The authors are indebted to Miss Elizabeth Bush for the electron micrographs. 
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ranging in size between 100 mu in fraction Rs, 50 and 100 in 
fraction R, and below 50 in fraction S (with an occasional 
larger sphere still present) (figs. 1 and 2). 

The analytic findings are presented in 6 tables, which re- 
quire but few text comments. The total phosphorylated in- 
termediate content (table 1) is 2.5 times greater in spinal 
than in sciatic nerves. The ratios for inorganic P and creatin 


TABLE 4 


Distribution of oxidases in cytoplasmic fractions of rat peripheral nerves 


Q02? % OF TOTAL ACTIVITY 2 % 
OXIDASE =o 2 
Whole RECOVERY 
nerve Bes Re Rs Ry 8 
Succinie 
dehydrogenase 2.3 6 61 25 2 0 94 
Malice 
dehydrogenase 1.6 4 20 1 2 65 92 
DPN-Cytochrome C 
reductase 2.2 5 58 t nf 30 98 
Cytochrome 
oxidase 11.0 5 60 20 3 4 92 
*QO. = Microliters oxygen/mg fat free dry weight/hour. 
* Average of 4 experiments, agreeing within 15%. 
TABLE 5 
P/O Ratios for nerve homogenates 
MICROATOMS MICROMOLES 
ee eae Os P P/O 
PRS SEEM MOSES) Sagan ea ESTERIFIED 
Pyruvate 3 0.67 1.04 1.6 
Malate 3 0.58 0.81 14 
Succinate 4 0.87 1.22 1.4 
Pyruvate and malate 4 0.67 1.48 2.2 
Glucose 4 0.25 0.38 1.5 


Each flask contained the following: 8 X 10°M MgCl, 8 X 10°M KF, 10“M 
K-ATP, 5 X 10*M DPN, 10°M cytochrome C. Fifteen micromoles K-PO,, pH 7.5, 
5 X 10“M glucose, 1 mg yeast hexokinase, mitochondria from 200mg of nerve, 


O70 


KOH in center well. Incubation time 20 minutes, T = 37 
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P are close to three, those for most of the carbohydrate 
(G-1-P, G-6-P, phosphoglyceric acid) and adenylic (ADP,AA) 
phosphates from 1.3 to 1.5, but ratios for fructose P and ATP 
actually one or less. Perhaps only the three-fold differences 
are significant; their relation to histology and energy release 
will be discussed. These soluble substances appear largely 
in the § fraction. 


TABLE 6 


Turnover of phosphorylated intermediates of whole nerve during 
oxidation of glucose 


~ UNITS are ATP res ADP GLUCOSE-6-P 
After 
incubation uM /gm 8.20 0.25 1.80 
Specific activity 
of P fractions counts/min./ 650 238 213 
ug/P 
AEE PHOSPHO- PHOSPHO- L 02 
SOB Le LIPID » PROTEIN P ae 
AOID 
After 
incubation 25 91.5 2.7 9.0 
Specific activity 
of P fractions 136 0.76 13.4 


Warburg flasks contained following: 38¢m* of phosphate-free Krebs-Ringer’s 
solution, 0.05 M glyeylglycine buffer, 0.05 M glucose, 10 ue of P*, 200mg rat 
sciatic and spinal nerves. Incubation time 30 min., gas phase was air, T = 37°. 


Nitrogen is distributed (table 2) roughly alike in the 5 
fractions, R,; being low; and phospholipid P is similar ex- 
cept that R, contains double the average and §, only a trace. 
Nucleic acid P is overwhelmingly in R,; phosphoprotein P, 
mostly in R, and Rs. 

The enzymes of the adenylic system and other phospha- 
tases (table 3) are present in the supernatant only as traces. 
They are mostly found in the R, fraction (between 40 and 
55% for the three adenylpyrophosphatases, 70% for adenylic 
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deaminase and kinase) but the Ca-activated ATP-ase and 
the scant alkaline phosphatase are richest in R, (35 and 50% 
respectively, and remainder in R, and R,). 

By contrast (table 4), aldolase is almost entirely in S, malic 
dehydrogenase 65% there, and the other oxidizing compo- 
nents (succinic dehydrogenase, DPN-cytochrome c¢ reductase 
and, 5-fold richest, cytochrome oxidase) 60% in R.. Only the 
reductase is significantly present in S (30%), and none ap- 
pears in Ry. 

Oxidative phosphorylation (table 5) is about 1.5 P/O for 
pyruvate, malate, or succinate; 2.2 for pyruvate plus malate 
at the same O, consumption level. Glucose is oxidized only 
two-fifths as fast as the other substrates and the P/O ratio is 
only 0.6. During glucose oxidation (30 min. incubation), ATP 
and ADP decrease considerably while G-6-P and P glycerie 
acid increase (table 6 compared to table 1). With P** present, 
the specific activities (table 6) of the above rose to about one- 
third that of the inorganic P (P glyceric acid only to 20%), 
while phosphoprotein rose to 2% and phospholipid to 0.2%. 


DISCUSSION 


The role of mitochondria and other particulates in the af- 
fairs of nerve fibers has had some attention from histologists. 
The number and distribution of these particles, their changes 
with physiological state and, recently, evidence as to their 
composition permit some inferences regarding function. In 
general, the location and composition of mitochondria in the 
nerve fiber resemble the situation in neuroue and glial cell 
bodies (Abood et al., ’52a) and in other cells. 

The number of mitochondria in perikarya, per unit volume 
of cytoplasm, is distinctive for each of the main cranial 
nerve nuclei (Thurlow, 717). In spinal ganglion cells, these 
elements are altered by thiamin deficiency (Ma, ’25) but not 
by avulsion of the axon (Marinesco and Tupa, ’22). They are 
more numerous during regeneration (Nageotte, ’22) and, in 
general, a rise or fall in number has been related to rise or 
fall of activity level (Cowdry, ’22). 
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In peripheral nerve, the mitochondria do seem to be lo- 
cated where metabolism is high or energy needed. Most are 
in the Schwann cells, around the nuclei, which are unusually 
rich (Nageotte, ’32; Cowdry, ’14); but they are also present 
in axoplasm (Rosza et al., 50) and are concentrated at syn- 
aptic terminals (Bodian, ’51) and near nodes (Gasser, 52). 
The need of metabolic energy to maintain membrane polari- 
zation (Gerard, ’46; Hober, ’46) to keep potassium in (Har- 
ris, 41; Terner et al., 51) and sodium out, and to form or 
remove particular substances — quaternary ions (Lorente de 
No, ’49; Geiger and Magnes, °53), including ACh (Nachman- 
sohn et al., 43), ATP and CrP (Gerard and Tupikova, ’39), 
ete. —is too well known to need elaboration. (See Abood 
et al., °52c, for review.) The heavy concentration of oxidizing 
enzymes in the mitochondria and the location of mitochondria 
in relation to (but not actually in) active surfaces is thus 
understandable. The high content of ‘‘phosphoprotein’’ in 
mitochondria is noteworthy. 

Dephosphorylating enzymes and adenylate kinase, as well 
as phospholipids and nucleic acids, are associated mainly 
with the small microsome fraction (R,, 50-100 mu spheres). 
Only the Ca-activated ATP-ase, in contrast to the Mg-acti- 
vated one, and the feeble alkaline phosphatase are relatively 
rich in the mitochondria. The location of these microsomes 
would, thus, contribute important evidence as to the role 
of phosphates in nerve function. If the axon proper is free 
of lipid, for which there is evidence (Knestrém and Liithy, 
50), the lipid-rich microsomes could not be in the axoplasm 
nor have such elements been observed in the axoplasm (Rosza 
et al., ’50). Further, so far as structural comparisons are 
meaningful between rat nerve fibers and the squid giant axon, 
ATP-ase is in the membrane or surrounding structures (Libet, 
48). Dr. Libet kindly sent us two samples of separated giant 
fiber sheath and axoplasm; and we found, in preliminary 
tests, that the small spheres were present in the sheath frac- 
tion and contained most of the ATP-ase. Whether these 
microsomes are present as such in the sheath, perhaps as a 
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mosaic, or are separated from larger structures is uncertain. 
In rat nerve they are related to myelin (Sjostrand, 750), and 
may even be in the Schwann cells. 

Some evidence is available on the path and significance of 
energy-rich phosphate turnover in nerve. The Mg-activated 
ATP-ase, adenylpyrophosphatase 1, and the ADP-ase, aden- 
ylpyrophosphatase 2, are present with nearly identical over- 
all activity and with similar distribution in the fractions, 
mainly in Ry. Since Ry, also contains sufficient adenylate 
kinase to convert ADP to ATP and AA as fast as ADP and 
ATP are dephosphorylated, it may be that ADP is split en- 
tirely via dismutation by the kinase and dephosphorylation 
of the ATP so produced. This has been shown for liver 
fractions (Novikoff et al., ’52). Adenylpyrophosphatase 2 
would then be identical with the Me-activated ATP-ase. 

Peripheral nerve contains about as high a concentration of 
energy-rich phosphates and related intermediates as does 
cortex, despite a 20- to 30-fold difference in oxidizing activity 
and energy release. Oxidative phosphorylation does occur in 
nerve, but at a lower P/O ratio than in the C.N.S. The over- 
all decrease in ~ P which occurs during activity represents 
a decreased rate of formation or increased rate of splitting 
or both. A decreased formation has been demonstrated with 
electrical stimulation of brain mitochondria (Abood and 
Gerard, 753) and with constant current contracture of muscle 
(Taylor and Abood, ’53), and other evidence suggests an 
increase of responsiveness of brain (Abood et al., ‘52d) and 
of muscle (Ling and Gerard, ’49; Jenerick and Gerard, ’53) 
with lowered ~ P. If a decreased rather than an increased 
turnover is found to be associated with activity, it would prove 
a role of phosphates in the machinery of conduction rather 
than as an energy source. Since normal turnover maintains a 
high K/Na, a fall would favor the entry of Na* and loss of 
K+. A role of ~ P in conduction would also fix the presump- 
tive location of the ATP-splitting enzymes in microsomes 
within the membrane. 
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SUMMARY 


The content of phosphorus compounds and enzymes and 
the rate of turnover have been determined for rat sciatic and 
spinal nerves, which are not the same, and the distribution 
measured of various substances and enzymes in the particu- 
late fractions. Oxidases are mainly in mitochondria, many 
phosphate enzymes in small microsomes (< 0.1), and gly- 
colytic enzymes in the supernate. A Ca-activated ATP-ase, 
mostly in mitochondria, is distinguished from a Mg-activated 
one, mainly in small microsomes. The small microsomes also 
contain 40% of the total phospholipid and 60% of the nucleic 
acid of nerve. The role of particulates in function and metabo- 
lism is considered in terms of their number, location, and 
content. Mitochondria, stations of oxidative energy, are lo- 
cated in the vicinity but probably not the site of physiological 
action. Small microsomes, perhaps contailing part of the 
functioning machinery (phosphates), seem to be located in 
the membrane or its sheath. Turnover of soluble phosphate 
esters is considered in relation to energy supply and to re- 
sponsiveness of nerve. 
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HFFECT OF MICRO-INJECTED SALTS AND ATP ON 
THE MEMBRANE POTENTIAL AND 
MECHANICAL RESPONSE 
OF MUSCLE? 


G. FALK? AND R. W. GERARD 


Department of Psychiatry, Neuropsychiatric Institute, 
University of Illinois, Chicago 


Varying the external concentration of potassium ions pro- 
duces alterations in the resting membrane potential of nerve 
and muscle in approximate agreement with the predictions of 
the Nernst equation (Curtis and Cole, ’42; Ling and Gerard, 
50). The membrane theory of Bernstein (’02) has been modi- 
fied by recent work (Boyle and Conway, ’41; Levi and Ussing, 
’48), which indicates that the membrane is permeable not only 
to potassium, but also to chloride, both ions being distributed 
according to their electrochemical potentials. Evidence that 
labeled sodium is free to exchange in the cell has necessitated 
the postulation of a special mechanism which extrudes sodium 
(Ussing, 49). A precise analytical treatment of membrane po- 
tentials as a function of ionic concentrations and conductances 
has been given in the extensive researches of Hodgkin and co- 
workers (’51; 52a, b). 

That metabolism plays an important role in the maintenance 
of a potential gradient across the cell surface seems evident. 
It is still not clear whether the role of metabolism is direct, .e., 
whether is provides an immediate source of energy for the 

1This work was supported by contract between the Office of Naval Research and 
the University of Illinois. A preliminary report appeared in Fed. Proc., 12: 41, 
1953. 

2The major portion of this work was performed during tenure of a Porter 


fellowship of the American Physiological Society. Present address: Department of 
Natural Sciences, University of Chicago. 
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potential, or whether its function is indirect in the sense of 
supporting the semipermeable properties of the membrane or 
the concentration of labile ions (as CrP). 

The present investigation, using micro-injection as a means 
of altering intracellular concentrations of salts or metabolic 
intermediates in single muscle fibers, and observing membrane 
potential and mechanical changes, has led to some definitive 
conclusions. Most striking, ATP affects potential and length 
only when added outside the fiber; injected ATP is ineffective. 


METHODS 


Resting membrane potentials were recorded from fibers of 
the isolated sartorius of Rana pipiens (Ling and Gerard, ’49a) 
in phosphate-buffered Ringer solution containing 2.5mM K. 
The intracellular capillary (0.5-1.0 » tip diameter) served both 
for electrical recording and injection. Capillaries were filled 
without boiling, necessary with heat-labile materials, by snip- 
ping out an essentially cylindrical flow-resisting portion be- 
tween tip and shank and fitting the tip into the new end. With 
the large end of the shank immersed in the desired fluid, this 
now rose to the tip by capillarity alone. The joint was finally 
sealed with Plicene cement (Cenco). 

Each needle was calibrated before and after use by ee. 
a constant pressure (up to 3 atmospheres) from a nitrogen 
tank and measuring the diameter increase with time of a drop- 
let ejected under oil. Surface tension errors were negligible, 
since flow remained nearly constant for each needle at a given 
pressure, despite changing diameter. The amount of fluid in- 
jected, 1078 to 107° em? (equal to a cube of side 20 to 100) 
corresponded to 0.004 to 0.4% of the fiber volume. Although 
the solutions injected were highly concentrated (generally 
3M), the amount of solute was small, so that swelling and os- 
motie disequilibrium were minimal. ATP, as the disodium salt 
(Pabst or Sigma), was dissolved in 3 M NaCl and neutralized 
to pH 7.5 in the cold. The concentration of ATP ranged from 
0.01 M to 0.1 M, most experiments being at the higher concen- 
tration. 
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RESULTS 


No significant change (P > .15) in the resting membrane po- 
tential was produced by the injection of 3 M KCl, immediately 
or up to 10 minutes (table 1). This was surprising, since an 
increased internal concentration of KCl was expected to lower 
the potential considerably (see discussion) ; nor did 3 M NaCl 
affect the membrane potential. Comparable results for squid 
axon have been reported recently (Grundfest, et al., ’53). No 


TABLE 1 


Effect of injections on membrane potential 


MEMBRANE POTENTIAL, mV 


a Before After P 
KCl, 3M 84.0 + 1.9 80.0 + 2.1 > 15 
NaCl, 3M 84.6 + 1.7 83.2 +14 4 
ATP, 0.1M 82.1413 80.0 + 1.8 4 


Mean values and standard errors are given. 


TABLE 2 


ATP and contraction 


IMPALEMENT 
CONTRACTION 


Good Poor 
Present 2 22 
Absent 13 15 
Jo Contraction 1 60 


contraction or other change of the fiber was seen after either 
salt. 

Injection of ATP (0.01-0.1 M) also failed to alter the resting 
potential or, mostly, to produce a mechanical response. The 
fiber was observed closely during injection and, with good im- 
palements, twitching was seen in only 2 of 15 trials (table 2). 
The criterion for a good impalement was the appearance of a 
potential of 80mV or greater instantaneously upon penetra- 
tion. Poor impalements presumably involve imperfect sealing 
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around the electrode and some muscle injury; and the likeli- 
hood is great that injected material would leak out at the in- 
jection site. In any event, with poor impalements response 
occurred in 60% of 37 trials. Moreover, wiggling the electrode 
in a good impalement, during injection, invariably led to 
prompt twitching. The muscle thus remained responsive, de- 
spite the high concentration of NaCl injected with the ATP. 
It appears that injected ATP does not evoke a response if it 
remains inside the fiber. External ATP does produce twitch- 
ing, presumably by a surface action. Flowing ATP-Ringer 
over the muscle gives a mechanical response at the threshold 


TABLE 3 
External ATP 


ATP CONC. MEMBRANE POTENTIAL CONTRACTION 
M mV 
0.000 SGsipetolic — 
0.002 95.0 + 1.0 te 
0.005 93.0 + 0.7 ae 
0.01 94.3 + 1.1 ae Se 


concentration of 0.002 M ATP; but even at 0.01 M the mem- 
brane potential of actively twitching fibers was unaltered 
(table 3). Typical repetitive propagated action potentials 
(method of. Nastuk and Hodgkin, 50) were recorded during 
the twitching; but it must be concluded that ATP does not 
directly evoke contraction, but simply activates the normal 
membrane response that leads to contraction. 


DISCUSSION 
Membrane potential 


Hodgkin and coworkers have derived equations for the 
movement of passive ions through the membrane under the in- 
fluence of electro-chemical gradients, while Ussing (’52) has 
described mathematically the transport of ions which do not 
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move solely as a result of the electric field and thermal agita- 
tion. An equation for the resting membrane potential which 
incorporates the ideas of these investigators can be formulated 
as follows. 
I= 2g, (E — E,) + =g, (E—E,) = 0 
n Pp (1) 

where | is the ionic current density 

@, is the ionic conductance of the nth ion 

E is the electromotive force in volts across the mem- 

brane 

K, is the equilibrium potential of the nth ion 

g, is the ionic conductance of an extruded ion 

Hj, is the electromotive force of the extruding process 
Solving for E 
Z2n By 4 Zgp E, 
n Pp 


Oo = 2 
3g. + Ze, (2) 
n Pp 
Since 
“ BT , oe 
=) = nN €y Cno 
rie 
Where ¢,, is the activity of the nth ion inside the cell 
Cro 18 the activity of the nth ion outside the cell 
Z,, is the valence of the nth ion 
Z2n/Zn Cn Cni/ Co) payed. E, 
RT] 2 
ei Ss se ay Sg, +38 (4) 
F ~En + =Bp . > a 
n p -! 
By definition 
Zn Zp 
fe and t= <= 
Sis Se, = Sart 2o, (5) 
n p n p 


where t, is the transference number of the nth ion 
t, is the transference number of the extruded ion 
Hence 


Pp 


aeansa i te/%m (In cu) | + Xt,E, (6) 
F n 
Specifying the ions involved 
R K, N 


At Cl, aj = 7 
E= — (t, In K, a Gay In Cl, + ty, In Na, y+ nae (7) 
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If the last term (involving mainly the sodium pump) is 
negligible, as assumed by Hodgkin, it follows that the resting 
membrane potential will be determined by the relative concen- 
tration of the passive ions and their respective transference 
numbers through the membrane. Unfortunately the latter are 
not known very accurately for the frog sartorius. The best fit 
to account for the normal resting potential would be t, —.6, 
t.; = .35, ty, =.05. These values, even if not precise, imply 
that the bulk of the resting membrane conductance is due to 
the potassium and chloride ions. 

Since chloride is the least concentrated of the ions in the cell 
(Boyle and Conway, ’41), it was anticipated that the injection 
of NaCl or KCl would lower the potential by affecting pri- 
marily the chloride potential. The exact magnitude of the fall 
expected cannot be computed accurately since the distribution 
of the injected fluid is not known and since the transport num- 
bers of the ions is subject to uncertainty. If the injected ions 
were evenly distributed in the fiber, the fall in potential, with 
the largest amounts of KCl or NaCl injected, should have been 
of the order of 20 mV; with medium amounts, 6 to 7mV. 

Some explanations of the discrepancy between theory and 
observation are possible. If, for example, the region of the 
fiber injected suddenly developed a high resistance and ca- 
pacitance, so that it resembled the myelin sheath electrically, 
then it might be possible to record the same resting and action 
potential, despite a change in potential in the region of the 
electrode. The most likely is that the chloride conductance is 
considerably lower than assumed and that the outward sodium 
pump current is not negligible, but contributes significantly to 
the membrane conductance. Chloride would then add little to 
the resting potential, whereas the sodium pump could con- 
tribute 30-40%. There is considerable evidence suggestive of 
an active sodium pump in muscle. 

In the isolated squid axon, where the sodium pump may be 
depressed, the measured membrane potential is 30% lower 
than the equilibrium potential for potassium (Hodgkin and 
Huxley, ’52b); whereas the measured membrane potential of 
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the isolated frog sartorius is close to the K potential — as if 
the sodium extrusion mechanism were better maintained. The 
nerve also gains sodium at a faster rate than does the muscle. 
Moreover, the change in membrane potential for a tenfold 
change in external potassium should deviate from the theoret- 
ical 58mV by an amount depending on other ion effects and 
on the pump term (equation 7); and the measured deviation 
is considerably greater for the muscle than for the nerve 
(Curtis and Cole, ’42; Ling and Gerard, ’50). Finally, in sup- 
port of an active sodium pump is the finding that isolated frog 
skin, operating as a sodium battery, can give large and main- 
tained ionic currents (Ussing, ’52). 

The sodium pump would require energy. Although Rothen- 
berg (750) found a Q,) of 1.25 for sodium exchange, chemical 
reactions are not excluded, for, if Na transport is by carriers, 
then their diffusion would be a limiting step and determine the 
Qio (Ussing, 52). Ling (’52) has reported that sodium does 
not enter muscle along a concentration gradient even at 0°C. 
when oxygen is excluded and glycolysis blocked by iodoacetate. 
If, as he assumes, all significant energy pathways are inacti- 
vated under these conditions, an energy-consuming pump 
would be excluded. Against this assumption, however, is the 
report that frog muscle still produces heat and is capable of 
contraction upon stimulation under these very conditions 
(Hukuda, 731). Ordinarily, when metabolism is interfered 
with, the membrane potential falls part way in frog muscle 
(Ling and Gerard, ’49b) and nerve (Shanes and Brown, 742; 
Lorente de N6, ’47). The metabolism-sensitive potential of 
muscle (A potential) constitutes the same fraction of the total 
potential, 30 to 40%, as here suggested due to the sodium pump. 

The magnitude of the A potential was found to correlate 
with the concentration of high energy phosphate compounds, 
notably creatine phosphate and possibly ATP. The failure of 
injected ATP to increase potential may be due to the initial 
presence of a high ATP content. 
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Contraction 


It is generally agreed that adenosine triphosphate is inti- 
mately associated with the contractile process, whether with 
contraction or relaxation. The failure of injected ATP to alter 
the mechanical state would speak against this, unless it be as- 
sumed that the added ATP produces an inconsequential change 
in concentration — by not reaching critical regions, by being 
rapidly destroyed, or by adding to a large reservoir of free 
ATP. This finding militates against the possibility that nor- 
mal contraction depends on a sudden release of ATP from 
bound form. Further, externally applied ATP must be able to 
cause contraction (see also Buchtal et al., ’44) without pene- 
trating. A comparable situation appears valid for heart 
muscle (Marshall and Andrus, ’53). ATP, thus, has a direct 
action on the cell membrane, whatever its intracellular role. 

ATP elicits propagated responses of the membrane, like the 
tetanus from applied shocks, rather than maintained contrac- 
ture and depolarization, as produced by potassium and some 
other agents. The only potential change with ATP is the con- 
ducted action spike, in harmony with other evidence that 
shortening is void of any potential sign (Taylor, 53). The 
localization of ATP-ase in the membrane region of the squid 
giant nerve fiber (Libet, 48) is suggestive in this connection, 
as is the ability of transmembrane currents, but not longitudi- 
nal ones in the fiber interior, to alter the CrP content of muscle 
fibers (Taylor and Abood, ’53). Moreover, energy-rich phos- 
phate is as concentrated in nerve (excluding myelin) as in 
muscle (Gerard and Tupikova, ’38), despite the vast difference 
in energy needs for activity; CNS discharges are associated 
with decreased PO, turnover (Streicher et al., 52); and brain 
mitochondria, ‘‘stimulated’’ by electric shocks, show an inhibi- 
tion of PO, synthesis (Abood et al., 52). Finally, an iodo- 
acetate poisoned muscle goes into rigor as its ~ P is exhausted 
(Lundsgaard, ’30) ; and a glycerinized muscle remains relaxed 
in ATP, goes into rigor when this is washed out and relaxes 
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again with ATP added, although no metabolic activity is pres- 
ent (see Gerard and Taylor, 53, for further discussion). 
Such facts suggest that ATP is related to conduction (in 
nerve and muscle) and to contraction as part of the machinery 
more than as an energy source. A fall in the ATP concentration 
might depend on slowed production rather than on hastened 
splitting and might precede, rather than follow, the functional 
response. Certainly, the exact role of ATP in controlling mem- 
brane activation and micelle length has not yet been clarified. 


SUMMARY 


1. Sodium chloride or potassium chloride, injected into 
single sartorius muscle fibers, does not significantly alter the 
resting membrane potential. From an equation relating poten- 
tial to ion concentrations and transport, it appears that this 
result would be explained if about one-third of the membrane 
potential — approximately the value of the metabolism-sensi- 
tive A potential — were contributed by the activity of a sodium 
pump. 

2. ATP, on injection, does not produce contraction nor alter 
membrane potential. Applied externally, it evokes typical con- 
ducted action spikes with attendant twitching. No other po- 
tential changes, nor contracture, occur. The role of ATP in 
membrane activation, and as part of the machinery of func- 
tion, rather than as an energy source, is considered. 
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SUMMATION, INHIBITION, AND PROPRIOCEPTIVE 
REINFORCEMENT UNDER CONDITIONS OF 
STIMULATION OF THE MOTOR CORTEX 
AND THEIR INFLUENCE ON THE 
ACTIVITY OF SINGLE 

MOTOR UNITS? 


E. GELLHORN, C. M. RIGGLE, AND H. M. BALLIN 
Laboratory of Neurophysiology Department of Physiology 
University of Minnesota 


Following a study of the relation between various para- 
meters of stimulation of the motor cortex and the discharge 
of single motor units (Hyde, Riggle and Gellhorn, °54), it 
was thought to be of interest to study motor units under the 
simultaneous influence of stimulation of the motor area and 
proprioceptive reflexes. The far-reaching influence of this 
interaction on the intensity and the pattern of movement has 
been reported previously (Gellhorn, 49; Gellhorn and John- 
son, 790). Additional experiments concerned the summation 
induced by stimulation of two cortical foci from which the 
same muscle could be activated. Finally the antagonistic 
relation of biceps and triceps complexes (Bosma and Gell- 
horn, *47), demonstrated on stimulation of the biceps and 
triceps area of the motor cortex, served as a basis for the 
study of cortical inhibition and its effect on single unit 
discharges. 

The experiments were performed on 5 macaques in Dial- 
urethane anesthesia. Concerning the methods see the pre- 
ceding paper (Hyde, Riggle and Gellhorn, ’54). 

*These studies were aided by a contract between the Office of Naval Research, 
Department of the Navy, and the University of Minnesota. 
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Proprioceptiwe reimforcement and wut discharges 


It has been found previously that proprioceptive reinforce- 
ment is maximal under conditions of fixation of a joint when 
the muscles which give rise to proprioceptive impulses are 
stretched and contract isometrically on cortical stimulation. 
On the other hand, the proprioceptive effect is minimal when 
the joint is fixated at an angle at which the muscles are slack 
before cortical stimulation. Experiments on the triceps were 
therefore performed with the elbow fixed at acute and obtuse 
angles to provide conditions of maximal and minimal pro- 
prioceptive reinforcement respectively. The position of shoul- 
der and wrist joints remained unchanged. 

Experiments 1-7 of table 1 show the effect of proprioceptive 
reinforcement when a site in the cortical triceps area is stimu- 
lated. The gross response of the muscle was recorded as 
the electromyogram (HMG), the amplitude of which has 
been shown to be quantitatively related to muscle tension 
(Loofbourrow, °48). The total number of activated indi- 
vidual units recorded and the maximal rate of any of these 
units discharging during the period of optimal response of 
the muscle are also listed. The results are uniform, showing 
that under the influence of proprioceptive reinforcement the 
number of discharging units increases. This change is paral- 
leled by an increase in the amplitude of the EMG. In most 
of the experiments of table 1 the intensity of stimulation was 
so chosen that under conditions of minimal proprioceptive 
reinforcement no single unit activity was recorded with the 
microelectrodes, and even the gross response (EMG) was 
either very small or absent. This condition made the action 
of proprioceptive facilitation very conspicuous. However, 
even in cases in which several units discharged on cortical 
stimulation in the ‘‘minimal’’ position (illustrated in experi- 
ment 5 of table 1), the action of proprioceptive facilitation 
appeared as an increase in the number of activated units 
and in the maximal rate of firing. Table 1 also illustrates the 
validity of these rules for the tibialis anterior muscle in 
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TABLE 1 


Effect of proprioceptive impulses (fixation) on unit discharges resulting from the 
stimulation of the motor cortex 


NO. 


=i 


10 


11 


FRE- 
QUENCY 


c/s 


83 
83 
83 
53 
53 
53 
83 
83 
83 
53 
53 
53 


83 
83 
83 
53 
53 
53 
33 
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33 
33 
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53 
53 
53 


II. Experiments on the tibialis 
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REMARKS 


In all positions 
shoulder abducted 
and retracted 
(angle 60° with 
length axis of the 
body). 

A, elbow 150°; 
wrist 20° dorsi- 
flexion. 

B, same as A, but 
elbow 75°. 

C, same as A, but 
wrist 100° dorsi- 
flexion. 


A, hip 80°, 
knee 90°, 
ankle 60°. 

B, hip 80°, 
knee 90°, 
ankle 150°. 
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which the degree of proprioceptive reinforcement is aug- 
mented by fixation of the foot in plantar flexion. 

Finally a special case of proprioceptively induced sum- 
mation is illustrated in experiments 8 and 9 of table 1. It 
was shown previously that stimulation of the biceps and 
triceps foci of the motor area elicits complex patterns of 
movement. Under conditions of fixation this pattern ap- 
pears in the form of selectively activated groups of muscles. 
The intensity and distribution of this pattern are indicated 
by the appearance and particularly the amplitude of the 
EMG’s in various muscles. Thus it was found that activation 
of a triceps focus-was associated with the development of 
tension and the appearance of action potentials in the flexor 
carpi muscles. Triceps and flexor carpi muscles, and a great 
many additional muscles (see Gellhorn and Johnson, ’50), 
form a functional unit, the triceps complex, within which 
proprioceptive reflexes play an important role. Thus fixa- 
tion of the triceps at an acute angle increases the response 
of this muscle as well as that of the flexor carpi to a standard 
stimulus applied to the motor cortex, although the fixation 
of the wrist remains unchanged in this experiment. Similarly 
it was noted that fixation of the wrist in marked dorsiflexion 
increases the response of the flexor carpi and triceps to cor- 
tical stimulation, although the position of the elbow joint 
remains the same. The influence on unit potentials of these 
factors is illustrated in nos. 8 and 9 of table 1. Fixation in 
dorsiflexion of the wrist is shown to increase the amplitude 
of the EMG of the triceps and the number and maximal rate 
of the discharging units in the triceps muscle. 

Table 2 presents additional data on the influence of pro- 
prioceptive reinforcement on unit discharges in a series of 
experiments in which the motor cortex was stimulated at 
three different frequencies. It is evident from the results 
that with fixation of the ankle at a greater degree of plantar 
flexion the number of discharging units increases. The num- 
ber of spikes recorded during one second of the optimal 
period of response is likewise augmented. This number de- 
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pends on the number of discharging units and the number of 
discharges of each unit during this period. Here again these 
numbers are more significantly related to the central excita- 
tion than is the maximal rate of any discharging unit (ef. 
Hyde, Riggle and Gellhorn, ’53). This rate is practically 
the same as the stimulus frequency in the first two experi- 
ments and remains unchanged under conditions of increased 
proprioceptive excitation. In the third experiment, however, 
the maximal rate of discharge as well as the total number of 
spikes and the number of discharging units increases with 
proprioceptive facilitation. 


TABLE 2 


Influence of proprioception on single unit response to cortical stimulation 
of varying frequencies 


TOTAL NO. MAX. SNe ins eboe 
INTENSITY FREQUENCY ANKLE OF UNITS UNIT {opens re 

. RESPONDING RATE SPIKES IN 1”? 

volts c/s 4 e/s 

3.0 27 70 2 28 a 

3.0 Path 140 4 28 42 

3.0 53 70 2 56 27 

3.0 53 140 4 58 57 

3.0 102 70 4 Sul 63 

3.0 102 140 6 72 83 


* Selected from the period of optimal response. The records were obtained from 
the tibialis anticus; the degrees of plantar flexion are indicated in the table in the 
column ‘‘ Ankle.’’ 


Spatial summation under conditions of stimulation 
of the motor area and wnit discharges 


Since proprioceptive facilitation is only a special case of 
summation, it was deemed advisable to perform additional 
experiments under somewhat different conditions of summa- 
tion. For this purpose two foci in the motor cortex, which 
when stimulated singly induced a contraction of a certain 
muscle, were stimulated singly and in combination in order to 
determine the gross response (EMG), the total number of dis- 
charging units, and the maximal rate of the fastest discharg- 
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ing unit under these conditions. The results are illustrated 
for the biceps, triceps, and extensor carpi radialis in table 
3. The table shows unit and gross responses 3.5 and 6.5 
seconds after the stimulus A. When two stimuli, A and B, 
were used, B was applied 4.4 seconds after the onset of A. 
The response recorded in the right part of the table (6.5 sec- 
onds after the beginning of stimulation) was obtained during 
the simultaneous excitation of both cortical foci.” 

The results were uniform. In all but one experiment the 
gross response (amplitude of the EMG) was greater when 
the two stimuli were applied than when the A or the B stimu- 
lus was used. It was also found that in all experiments 
summation resulted in recruitment, since the number of dis- 
charging units was increased. Consequently the number of 
spikes recorded during one second of the period of optimal 
contraction was augmented.* However, it was somewhat 
unexpected that in these experiments the maximal rate of 
the fastest unit was regularly increased. This is seen espe- 
cially in the experiments on the extensor carpi and triceps 
muscles. Nevertheless, it should be pointed out that the 
maximal rate of firing was only a fraction of the stimulus 
frequency even under conditions of cortically induced sum- 
mation. 


Cortically induced inhibition and its influence 
on unit discharges 


The last series of experiments concerns the action of cor- 
tically induced inhibition on the unit discharges of biceps 
or triceps muscles. In this work biceps and triceps foci were 
stimulated singly or in combination. When combined, the 
second stimulus followed the onset of the first by several 
seconds, the stimulation of the first focus being continued. 
Gross responses were recorded from both muscles, but the 
unit discharges were recorded only from the muscle activated 

* There are some slight temporal deviations in the application of the two stimuli 


in the experiments on the triceps muscle (see table 3). 
*These numbers were omitted from the table. 


. 


TABLE 3 


Effect of spatial cortical summation on gross and unit responses of skeletal muscles 


RESPONSE 6.5 SEO. AFTER 
ae cen ne ONSET OF A AND/OR 2.1 
AlINT. BINT. B FREQ. Total ae vot ately 
no. of unit Gross Total Max. Gross 
units rate amplit. aie cae amplit. 
volts volts c/s per sec. mm per sec. mm 
1. Biceps brachii 
3.2 oe Fie 0 0 12 1 il ab 
3.2 2.3 58 0 0 10 5 25 15 
2.3 58 0 0 2 
Bol a 6 0 0 13 0 0 ay 
3.1 2.3 58 0 0 12 5 ah 22 
2.3 58 0 0 0 
3.1 ae ad 0 0 10 0 0 10 
Sek 2.3 fa 0 0 13 4 16 23 
2.3 val 0 0 0 
2. Extensor carpi radialis 
3.0 ae she 7 29 18 5 21 15 
3.0 3.2 82 6 25 18 7 34 15 
3.2 82 2 20 2 
1.2 me 0 0 0 4 25 1 
1.2 2.6 82 0 0 0) 6 40 5 
2.6 82 i 5 0 
1.2 0 0 0 4 15 0 
1.2 3.0 82 3 15 0 6 40 10 
3.0 82 3 20 al 
1.9 82 we 0 0 0 
1.2 1.9 82 0 0 0 6 30 2 
1.2 s is 0 0 0 0 0 0 
1.2 pe 3 0 0 0 0 0 0 
1.2 1.9 82 0 0 0 8 52 a 
1.9 82 5 40 5) 
3. Triceps brachii 
3.5 os nee 0 0 0 1 22 7 
3.5 3.8 82 0 0 0 4, 50 10 
3.8. 82 3 30 3 
RESPONSE 6.5 SEC. AFTER 
RESPONSE 4 SEC. AFTFR START OF A STIMULUS AND/ 
START OF A STIMULUS OR 2.2 SHC. AFTER START 
OF B STIMULUS 
3.0 be ai ye 0 0 4 38 18 
3.0 3.8 82 0 0 0 6 56 20 
3.8 82 5 f Ea x 4 35 i 


'+Placement of cortical electrodes: Biceps expts.: A, 24mm lat., 1mm anterior 
to central fissure; B, 20 mm lat., 1mm ant. Extensor carpi expts.: A, 20 mm lat., 
1mm ant.; the B electrode was 15 mm lat., 1 mm ant. in the first group, 24 mm lat., 
3mm ant. in the second and third groups, and 24mm lat., 1mm ant. in the last 
group. 

The frequency of stimulation for the A stimulus was 83/sec. in the biceps and 
extensor carpi expts. and 53/see. in the triceps expts. 
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by the first stimulus. The experiments show uniformly that 
eortically induced inhibition of the biceps by stimulation of 
a triceps focus in the motor cortex leads to a reduction in the 
gross amplitude of the EMG of the biceps, a reduction in 
the number of discharging units and therefore of the total 
spikes recorded from all discharging units during the period 
of optimal inhibition,* and also to a diminution in the maxi- 
mal rate of the fastest discharging unit (table 4). Similar 
results were obtained in inhibiting the contraction of the 
triceps muscle through stimulation of a cortical biceps focus. 
It may be inferred that spatial summation and inhibition in- 
duced by the interaction of two similar and two antagonistic 
cortical foci act on the single motor units of the final com- 
mon path in an opposite manner. 


COMMENT 


The experiments show that proprioceptive facilitation and 
spatial cortical summation increase discharges from the 
motor cortex primarily by increasing the number of discharg- 
ing units and thereby by augmenting the total number of 
unit discharges per unit of time. Individual units gradually 
increase their rate of discharge during the period of stimula- 
tion until the spikes appear at a rather constant rate, which 
is ordinarily below that of the stimulus frequency. Under 
conditions of proprioceptive facilitation and particularly 
under the combined influence of stimulation of two cortical 
foci this maximal rate of discharge is also increased. 

The cortically induced inhibition results in a decruitment 
and in a diminished rate of the fastest discharging unit. 

Summation and inhibition induced by stimulation of ap- 
propriate foci in the motor cortex may influence the same 
single motor unit in the biceps or triceps muscles, although 
their cortical foci are widely separated. To what extent this 
interaction takes place at a spinal as well as at a supraspinal 
level has not been determined. 


*These numbers are omitted from table 4. 
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The experimental results presented in this paper are in 
general agreement with the Adrian-Bronk law (see Gellhorn, 


753). 


TABLE 4 


The effect of cortical inhibition on unit responses 


STIMULATION 


Biceps Triceps 


RESPONSE 2.6 SEC. AFTER 
ONSET OF BICEPS STIM. 


Total Max. 


RESPONSE 5.8 SEC. AFTER 
ONSET OF BICEPS STIM. 
AND/OR 3.0 SEC. AFTER 

TRICEPS STIM. 


. Gross A : 
F BOL unit 7 Total Max. B 3 MY by 
sia pera EE oOPES oo of unit gross. gross 
units rate amplit. amplit. 
V c/s | e/s per sec, mm per sec. mm mm 
I. Biceps recorded * 
2.4 66 a 4 27 10 tt 45 12 a 
2.4 66 3.0 82 4 20 10 1 8 5 6 
2.4 66 4 20 8 5 34 afl 0 
2.1 66 ae 1 14 5 6 35 9 1 
2.1 66 3.5 82 4 38 7 2 9 4 6 
2.1 66 2 10 6 6 43 9 1 
‘batey 66 oe 0 0 1 4 13 9 1 
1.8 66 3.5 82 0 0 4 5 9 3 4 
1.8 66 0 0 3 4 17 9 nu 
2.1 66 oy 4 21 7 5 46 ati 2 
2.1 66 4.0 82 6 27 7 3 8 4 8} 
2.1 66 0 0 2 3 14 9 1 
STIMULATION RESPONSE 6.5 SEC. AFTER 


Triceps Biceps 


RESPONSE 3.5 SEC. AFTER 
ONSET OF TRICEPS STIM. 


ONSET OF TRICEPS STIM. 
AND/OR 2.7 SEC. AFTER 
BICEPS STIM. 


Foci 
rv. c/s Vv e/s 
Il. Triceps recorded 

3.8 53 2.4 82 4 25 14 2 9 8 7 
oe ae 2.40) S2 oe Sp 0 0 5 0 
3.8 53 i. Be a 2 1 5 34 6 9 
3.8 53 2.4 82 0 0 il 0 0 7 0 
4.2 83 ise is 3 27 1 3 29 2 2 
42 83 3.0 82 4 35 3 0 0 5 0 
3.0 82 0 0 0 4 0 


1 Biceps and triceps foci 15 and 11mm (expt. I) and 19 and 11 mm (expt. IT) 
lateral to midline and 1 mm anterior to central fissure. 
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SUMMARY 


Experiments are reported on the macaque concerning the 
interaction between proprioceptively induced reflexes and 
stimulation of the motor cortex as these affect single unit 
discharges recorded from a muscle. In addition, summation 
and inhibition induced by stimulation of appropriate foci 
of the motor area have been studied in their effect on unit 
discharges. The results were as follows: 

1. Proprioceptive reinforcement of cortically induced 
movements is accompanied by a recruitment of more units, 
so that the total number of spikes (unit discharges) which 
appear during a given period of the optimal response (in- 
dicated by the greatest amplitude of the electromyogram) is 
augmented. However, the maximal rate of the fastest re- 
corded unit is often unchanged and in most instances far 
below the stimulation frequency, particularly if the latter 
is 80 to 100/see. 

2. If summation results from stimulation of two cortical 
foci affecting the same muscle, there is not only recruitment 
but also an increase in the maximal rate of unit discharges. 
Conversely, it is found that during cortically induced inhi- 
bition (stimulation of the biceps focus during a contraction 
initiated by stimulation of a triceps focus and vice versa) the 
number of discharging units decreases, and the maximal 
rate of any discharging unit is diminished. 
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LUMINOUS BACTERIA AS A RADIOBIOLOGICAL 
TEST ORGANISM ?? 


G. HOYT WHIPPLE 


Department of Radiation Biology 
University of Rochester School of Medicine and Dentistry 
Rochester, New York 


TWO FIGURES 


INTRODUCTION 


The peculiar advantage offered by luminous bacteria for 
biological investigations has been exploited for a number of 
purposes (Johnson, ’51) and it has been pointed out that these 
bacteria are highly suitable for radiobiological investigations 
(Harvey, 52). There has been work on the effects of ultra- 
violet light on luminous bacteria (Giese, ’41), but with the ex- 
ception of a qualitative study of the effect of various amounts 
of radon dissolved in culture media on the luminescence of 
bacteria grown on these media (Rerabek and Hykesova, ’37), 
and an investigation of the effect of various x-ray doses on 
the colony-forming ability of Achromobacter fischeri (Lorenz 
and Henshaw, 741), there is almost nothing to be found. The 
purpose of this investigation was to explore the suitability of 
one species of luminous bacteria for radiobiological studies. 


EXPERIMENTAL 


The bacteria used in this work were grown from a culture of 
Achromobacter fischeri, strain of F. H. Johnson, obtained from 


1This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester, Atomic Energy Project, 
Rochester, New York. 

*This paper is based on a thesis submitted in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 
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the American Type Culture Collection. The bacteria were 
grown on the following medium: distilled water, 1,000 cm?; 
NaCl, 30 gm; Difco Bacto-agar, 20 gm; Parke, Davis bacterio- 
logic peptone, 10 gm; glycerine, 10cm’; CaCO;, 10 gm; and 
frozen ocean perch comminuted to a thin paste, 10gm. This 
medium differs from those commonly used for marine luminous 
bacteria principally in the addition of fish, which appeared to 
reduce the incidence of luminous decline in the colony. The 
medium was poured into petri dishes, allowed to cool, and 
stored at 4°C. until used. 

At least one fresh plate was inoculated lightly every day to 
maintain the colony.-The plates were incubated at 20° + 1°C. 

The bacterial suspensions were prepared from plates which 
had been heavily inoculated expressly for this purpose 24 
hours previously. Suspensions were prepared and maintained 
in a non-nutrient, buffered sea water solution, ‘‘BS-2,’’ which 
has the following composition: NaCl, 15 gm; Na,HPO,, 14.2 
em; NaH.PO,:H.0, 3.45 gm; CaCl,-2H.O, 0.40 gm; and dis- 
tilled water to make one liter. If necessary, the pH was ad- 
justed to 7.2, and the precipitate which formed after an hour 
or two was filtered off. 

The bacteria were brushed up from the culture plate in a 
few cubic centimters of chilled BS-2 and were centrifuged and 
resuspended in fresh BS-2 three times at 9°C. The third 
packed volume was suspended and diluted to a concentration 
of 1.5 & 10° bacteria per cubic centimeter in chilled BS-2. The 
bacterial concentration was determined by direct count in a 
Petroff-Hausser chamber. 

The final suspension was poured into a separatory funnel 
where it was stirred continuously with a motor driven glass 
stirring rod. Five cubic centimeters of this suspension were 
then run into each of ten 10cm? lusteroid centrifuge tubes. 
These tubes were stoppered and stored at 9°C. until they were 
used. 

The lusteroid tubes containing the suspensions to be irradi- 
ated were placed in a phantom consisting of a lucite box 20 em 
x 16cm X 20 em filled with water and ice. Hach suspension 
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was continuously aerated with a stream of bubbles from a 
fine capillary inserted in the tube. 

Control suspensions were kept in a beaker of ice and water 
for the same time the irradiated suspensions were in the 
phantom, and were aerated in the same manner. 

Irradiations were made with a General Electric million volt 
industrial x-ray unit, Model RES-1000. The machine was run 
at 1,000 Kvp and 3.0 milliamperes. No filtration was used be- 
yond that inherent in the machine. The radiation so obtained 
had a half value layer of 3.3mm of lead. The front surface of 
the water phantom was placed 80cm from the target and the 
dose rate was about 100r per minute at a depth of 1.6 cm, 
where the lusteroid tubes were placed. 

The dose measurements were made by placing a Victoreen 
250 r thimble chamber in the water phantom in the same posi- 
tion in which the suspension tubes were to be placed. An 
ionization chamber was placed directly in front of the phantom. 
The x-ray generator was turned on for about two minutes and 
a recording was made of the ionization chamber current. After 
this exposure, the Victoreen chamber was read. This proce- 
dure was carried out several times before each irradiation in 
order to obtain a calibration constant for the ionization cham- 
ber recording. When this preliminary had been completed, the 
lusteroid tubes containing the suspensions were placed in the 
water phantom and a recording of the ionization chamber 
current was made during the irradiation. The total dose de- 
livered to the suspensions was then obtained by measuring the 
area under the recording and converting it into roentgens with 
the calibration constant. 

After an irradiation was completed, the aeration capillaries 
were removed from all tubes and the tubes were stoppered and 
stored overnight at 9°C. The capillaries which had been in 
irradiated suspensions were destroyed so that they could not 
be used again. 

Twenty-four hours after the bacteria had been taken from 
the culture plate, all suspensions were transferred individually 
to 13 * 100 mm glass tubes, carefully selected for uniformity 
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of diameter and wall thickness. All the lusteroid tubes were 
discarded and were not used again. Aeration capillaries were 
inserted into each photometer tube and all the tubes were 
placed in a 20°C. water bath and connected to an air manifold. 
The time at which aeration in the 20°C. water bath was started 
was taken as t—O0 in plotting the light intensities. 

One hundred minutes after aeration was started, 0.1 em’ of 
0.4 M glucose solution was introduced into each tube. It had 
been determined that this amount of glucose gave the maximum 
total light output under the experimental conditions. 

The luminous intensity of each suspension was measured 
according to a standard time schedule by removing the tubes 
one at a time from the water bath and inserting them into the 
photometer. The laboratory temperature was maintained at 
20° + 1°C. and the brief interruption of the air supply to the 
suspension had no appreciable influence on the light output. 

An RCA type 5819 photomultiplher tube was used in the 
photometer. The overall sensitivity of the photometer was 
checked before and after each set of readings with a luminous 
standard prepared with strontium-90 by the United States 
Radium Corporation expressly for this purpose. The particu- 
lar standard used, 8,, had a nominal luminous intensity of 
about one microlambert. 

The luminous intensity of each suspension was plotted as a 
function of time, as shown for a typical experiment in figure 1. 
The area under each of these curves, from the time glucose 
was added at t= 100 minutes until the arbitrary termination 
of the luminescence measurements at t= 600 minutes was 
measured with a planimeter. The light emitted during this 
500-minute interval, which is referred to as the ‘‘500-minute 
light emission,’’ was expressed in S,-minutes, the amount of 
light emitted by the luminous standard in one minute. 


RESULTS 


The 500-minute light emissions of the control suspensions 
are given in table 1. It is evident that the light output varied 
considerably among the various runs. The light emission fell 
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Fig. 1 Light intensity vs. time for a typical x-ray exposure. 
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each time a new batch of medium was introduced and gradually 


returned to a high level. 


The data for the irradiated suspensions are given in table 2. 
The first column gives the number of the run, which corre- 
sponds to that given in table 1. The runs omitted from table 2 
did not receive x-irradiation. The second column is the dose in 


Total light emission of the control suspensions 


TABLE 1 


AGE OF 


RUM LIGHT EMISSION (I,) CULTURE MEDIUM 
"83min, % days 
1 1145 + 4.4 24 
2 1324 ct 5.4 28 
3 507 + 8.4 8 
4 576 =E35.0 a: 
5 677 + 4.4 14 
6 1015 + 5.4 30 
7 1322 eae G 33 
8 375 all! IP 9 
9 399 pucet e/a 14 
TABLE 2 
Data for the bacterial suspensions receiving x rays 
RUN DOSE I/I, paca? 
- % 
9 1,570 0.529 54 
3,590 0.219 : 
2,470 0.400 4 
: 4,950 0.144 : 
5 1,670 0.580 
3,660 0.258 a 
8 645 0.710 2 
6,610 0.095 ea 
9 484 0.801 
1,080 0.590 Pe 
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Fig. 2 Luminous survival of A. fischeri vs. x-ray dose. 
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roentgens received by the bacterial suspension. The third 
column gives the ratio of the 500-minute light emission from 
the irradiated suspensions to that from the control suspen- 
sions. This ratio is referred to as the ‘‘luminous survival.’”’ 
Duplicate suspension tubes were irradiated at the same time 
and the figures in the third column are the averages of these 
two values. The last column gives the standard deviation of 
the 6 control suspensions. In every case the individual lumin- 
ous survival figures of the duplicate suspensions fell comfort- 
ably within these confidence limits. 

The luminous survival data in table 2 are plotted as a func- 
tion of radiation dose in figure 2. The relation is exponential 
within the limits of experimental error. 


DISCUSSION 


In spite of the considerable variation of the light output of 
the control suspensions from one run to the next, as shown in 
table 1, the radiosensitivity, as indicated by the luminous sur- 
vival, appeared to remain constant within the experimental 
error. 

The simple exponential relation which has been found in 
this work to exist between luminous survival and x-ray dose 
resembles that which has been found to exist between survival 
and dose for A. fischeri (Lorenz and Henshaw, ’41) and for a 
number of other microorganisms (Fram, Proctor and Dunn, 
50). 

The x-ray dose which reduced the hight output of the irradi- 
ated suspensions to 50% of the control suspensions is shown 
by figure 2 to be about 1800 r, while the dose which reduced the 
colony-forming ability, or survival, of the same organism as 
determined by Lorenz and Henshaw is about 3700 r. The many 
differences between the methods by which these two figures 
were obtained make any comparison between them uncertain. 

A. fischeri appear to be quite satisfactory for radiobiological 
investigations because they can be maintained and prepared 
for use with relative ease and because their luminescence offers 
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a convenient index of biological function. This index is con- 
tinuously available and, under proper experimental conditions 
could be observed during, as well as after irradiation. 


SUMMARY 


1. Experimental procedures are described for preparing 
suspensions of luminous bacteria (A. fischeri) and observing 
the light emission of irradiated and control suspensions. The 
method gives results which are reproducible to within about 
10%. 

2. The relation between ‘‘luminous survival’’ and x-ray 
dose, by the method described, is exponential, with a half- 
survival dose of about 1800 r. 

3. The method appears to be a useful and convenient one 
for radiobiological investigations. 
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THREE FIGURES 


Recent theories of muscular contraction have placed con- 
siderable importance on the part played by passive viscous- 
elastic factors in the determination of the time course of 
the response to stimulation. Bozler (’41), for example, has 
reported that the time-course of isometric relaxation agrees 
exactly with that of the decay of tension after stretch. He 
concludes that relaxation is controlled by the viscous prop- 
erties of the contractile elements. Schoepfle (personal com- 
munication) has found that when the neck retractor (a 
skeletal muscle) of the turtle is cooled it shows a slowing 
of the isotonic twitch relaxation (‘‘active’’ lengthening) but 
fails to show any significant change in the time-course of 
lenethening when a load is added to the resting, unstimulated 
muscle (‘‘passive’’ lengthening). The present paper reports 
experiments undertaken to investigate the effects of tempera- 
ture upon active and passive isotonic lengthening of a smooth 
muscle preparation. 

Smooth muscle strips were obtained by isolating longitu- 
dinal muscle from the stomach of the rabbit. The strips were 
about 20 mm in length and about 5mm in width. They were 
suspended in a bath of oxygenated Kreb’s solution (’32) and 
allowed to remain at room temperature and supporting a 
load of 1 or 2gm for about two hours. A fine tinsel wire 
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was attached to each end of the muscle and led to the stimu- 
lator. The latter delivered condenser discharges having a 
time constant of 10 msec. A hand key was used for stimu- 
lation and permitted repetitive stimulation at a fairly regular 
frequency of about 5 per second. For the brief periods of 
stimulation only, the fluid was quickly drained from around 
the muscle and at the completion of the stimulation the fluid 
was quickly restored. The fluid was often nearly or completely 
restored to the muscle by the end of the period of mechanical 
latency. The isotonic responses were recorded on smoked 
paper by a light lever. For loading the muscle to produce 
the passive stretch, 1 or 2gm were added to the muscle 
load in addition to the steady load which the muscle lifted 
during its contraction. 

Contraction, in response to several rapidly repeated shocks, 
yielded curves with the general configuration of those from 
skeletal muscle resembling either the twitch or brief tetanus 
response. As is true for skeletal muscle much of the relaxa- 
tion curve follows the time-course of a simple exponential 
function. The exponential part of the curve may begin near 
the inflection on the falling limb of the curve and so describes 
roughly two-thirds of the lengthening process. When the 
muscle strip was stretched by the added load the resulting 
lengthening followed a time-course which is conveniently 
regarded as being made up of three parts. The first of these 
can be considered as instantaneous insofar as it can be 
measured from the records made at the drum speeds em- 
ployed. Any importance of passive changes of this order of 
quickness was therefore neglected in the analysis of these 
experiments. Following the quick extension there was the 
lengthening process which closely followed a simple exponen- 
tial time course. The time constant of this exponential length- 
ening curve was of the same order of magnitude as that 
of the relaxation from contraction. Continuing from the 
process which gave the simple exponential curve and which 
was the one to which our attention was primarily directed, 
there might appear a very much slower extension process. 
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This last component did not give a strictly rectilinear record 
of lengthening though its curvature was often so slight as 
to give that appearance if only a short, late section of record 
was examined. The use of a long time for stabilization of 
the strip before beginning the experiment tended to reduce 
the importance of this slow component but it was at times 
a serious complication in the determination of asymptotes for 
the exponential curves studied. Although there was consider- 
able variation in the responses of different muscle prepara- 
tions and in the temperatures at which the various experi- 
ments were conducted the following statement of results 
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Fig. 1 Kymograph records (negatives) showing curves of contraction in 
response to electrical stimulation and curves of lengthening under addition of 
2gm load. Temperatures 15°C. and 23°C. Time intervals indicate 6 second 
intervals. 


based on a particular experiment (see figures 2 and 3) is 
generally applicable to all the preparations used. The 
changes brought about by cooling the preparation from a 
temperature of 25°C to one of 15°C were as follows. (a) 
The shortening in response to a given number of shocks 
became less, or, the number of shocks needed to produce a 
given amount of shortening increased. (b) The time of rise 
to peak of the isotonic contraction increased. (c) The course 
of the isotonic relaxation became slowed (fig. 1). (d) Thus 
the slope of the line plotted on semilogarithmic paper became 
less steep (fig. 2). (e) The course of the exponential curve 
of lengthening following the addition of a load to the muscle 
showed no change. (f) The extent of the ‘‘instantaneous’’ 
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excursion probably showed no significant change. (g) The 
addition of atropin in concentration of 10~® did not introduce 
any change in the above. 

The nature of the records used and of the results obtained 
by analysis is indicated by the figures. Figure 1 reproduces 
(negative) prints from the kymograph records showing re- 
actions of a muscle strip to electrical stimulation at 15°C. 
and at 23°C. and to the addition of a 2gm weight at each 


O 10 20 30 40 SEC. 


Fig. 2 Semilog plots of relaxation from contraction at high (24.5°C.) and 
at low (10°C.) temperatures, respectively. 


of these temperatures. Time marks indicate 6 second inter- 
vals. Figures 2 and 3 plot exponential curves fitted to data 
obtained by measurements of records similar to those of 
figure 1 but from another experiment. The ruled straight 
lines were calculated in each case by the method of least 
squares. The points from which two of the lines were caleu- 
lated are shown in each figure. Points for other lines were 
omitted in order to avoid confusion. Examination of the 
data by statistical methods, using the t-test for significance, 
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merely confirmed the conclusions made by inspection of the 
plotted lines. There is excellent agreement within each set 
of data. There is significant difference between the rates of 
relaxation of warm and of cold muscles. For the particular 
experiment taken here as example there is a significant dif- 
ference between the rates of lengthening of the muscle under 
load and of the relaxation from contraction for either the 


0. 
e) 10 20 30SEC: 


Fig. 3 Semilog plots, same scale as figure 2, of exponential curves of length- 
ening under addition of 2 gm load of warm and cold muscle, respectively. Same 
preparation as for figure 2. 


warm or cold muscle. There is no significant difference be- 
tween the rates of lengthening of the warm and of the cold 
muscles, respectively, in response to loading. 


DISCUSSION AND CONCLUSIONS 


The failure of the passive lengthening curve to show a 
significant change when the muscle is cooled stands in definite 
contrast to the change in the response curve following elec- 
trical stimulation. The latter shows a regular slowing both 
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of the contraction and relaxation phases in a manner closely 
resembling that of skeletal muscle similarly treated. When the 
exponential plots for active and passive lengthening curves 
are compared there will be found a close agreement at some 
temperature although they will be quite different at other 
temperatures. Such information leads to the conclusion that 
the similarity of the two exponentials at a given temperature 
is due to a coincidental and not to a causal relationship. 
The interpretation placed on the results of these experi- 
ments is thus somewhat different from that used by Bozler 
(751). However, in another respect it seems probable that 
our findings are in harmony with those of Bozler although 
there may appear to be confusion in the uses of the terms 
active and passive as employed by him and by ourselves. It 
is hoped that the following may eliminate any possible am- 
biguity. Gilson, Walker and Schoepfle (’44) showed that 
the time-tension curves recorded during an isometric twitch 
of skeletal muscle could be empirically fitted by a curve 
plotted from an equation involving the sum of three expo- 
nentials. Such a time-course is consistent with the hypothesis 
that the rise and fall of tension during the skeletal muscle 
twitch is dependent upon the formation of a complex which 
is placed at least second or third in a series of chain reac- 
tions. According to this analysis the latter part, approxi- 
mately two-thirds of the lengthening, of the twitch curve 
is largely: determined by the slowest of the three exponential 
processes and this part of the curve should show a nearly 
exponential form. The shortening and lengthening of a 
muscle in an isotonic contraction is believed to be governed 
by the same contraction process and, where acceleration ef- 
fects can be neglected, to follow the same time-course. Re- 
laxation in a muscle twitch may therefore be the expression 
of the course of the chemical process which brings about the 
opening up of acto-myosin linkages, if such explicit ter- 
minology is to be considered desirable at this time. It is to 
this extent and in this sense that we refer to relaxation 
at the ending of a twitch or tetanus as active. Since the 
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lengthening of a muscle in such a case is insignificant under 
zero load, the restoration of the muscle to its original length 
is dependent upon the presence of a load. We have preferred 
to apply the term passive lengthening to the lengthening 
which occurs when an additional load is added to the un- 
stimulated muscle. Since Bozler (’51) considers the possibil- 
ity that release of tension following a stimulated contraction 
of the isometric smooth muscle preparation is permitted by 
removal of ATP, the two hypotheses offered are not in con- 
flict. From the difference in temperature effects reported 
here for rabbit stomach muscle, it appears, however, that 
the two processes of lengthening are not identical. 


SUMMARY 


Records have been made of the changes in length of strips 
of longitudinal muscle from the stomach of the rabbit in re- 
sponse to stimulation and to the addition of loads. In each 
case the lengthening curve is approximately that of a simple 
exponential. Cooling the preparation slows the relaxation 
from isotonic contraction but not that of the lengthening to 
added load. It is concluded that the two processes are not 
determined by the same mechanism and that the rate of 
relaxation from contraction is not primarily due to viscous 
elastic properties of the muscle but rather to the course of 
a definite chemical process permitting lengthening of the 
contractile material of the muscle under a condition of con- 


stant load. 


We wish to express our very sincere thanks to Dr. R. J. 
Furchgott for his assistance in connection with this work. 


LITERATURE CITED 


BoziER, E. 1941 The mechanical properties of resting smooth muscle. J. Cell. 
and Comp. Physiol., 18: 385. 
1951 Mechanism of relaxation in extracted muscle fibers. Am. J. 
Physiol., 167: 276. 


432 TRAKUL KITISIN AND A. 8S. GILSON 


Ginson, A. S., S. M. WALKER AND G. M. ScHoEPFLE 1944 The forms of the 
isometric twitch and isometric tetanus curves recorded from the frog’s 
sartorius muscle. J. Cell. and Comp. Physiol., 24: 185. 

Kress, H. A., AND K. HENSELEIT 1932 Untersuchung tiber die Harnstoffbildung 
im Tierkérper. Ztschr. f. physiol. Chem., 210: 33. 

(Or see per ex., Furchgott, R. F., and M. R. Wales 1952  Utiliza- 

tion of compounds of Krebs cycle for contraction energy by rabbit 
intestinal smooth muscle. Am. J. Physiol., 169: 326). 


NOTICH TO CONTRIBUTORS 


THE JOURNAL OF CELLULAR AND COMPARATIVE PHYSIOLOGY, appearing bimonthly, 
is intended as a medium for the publication of papers which embody the results of 
original research of a quantitative or analytical nature in general and comparative 
physiology, including both their physical and chemical aspects. Short preliminary 
notices are not desired and papers will not be accepted for simultaneous publication or 
which have been previously published elsewhere. While not specifically excluding any 
particular branch of physiology, contributors should recognize that excellent journals 
already exist for publication in the field of experimental and physiological zoology, 
_ dealing particularly with genetics, growth, behavior, developmental mechanics, sex deter- 
‘mination, and hormonal interrelationships, and also for pure mammalian functional 
_ physiology and the physical chemistry of non-living systems. Preference will be given 
to analyses of fundamental physiological phenomena whether the material is vertebrate 
or invertebrate, plant or animal. Since the journal is restricted, it is not possible to 
publish more than a limited number of papers which must be short and concise. 


—_— ~~ s 


as 


— 


_ It is recognized that prompt publication is essential, and the aim will be to issue 
papers within three months of acceptance. 


; Manuscripts and drawings should be sent to the Managing Editor, Dr. DreTnEvy W. 
_ Bronx, The Rockefeller Institute for Medical Research, 66th Street and York Avenue, 
_ New York 21, N.Y. 


The paper must be accompanied by an author’s abstract not to exceed 225 words 
in length, which will appear on the advance abstract cards of the Bibliographic 

* Service of The Wistar Institute in advance of complete publication. Nothing can be 
done with the manuscript until the abstract is received. 


_ , . Manuscripts should be typewritten in double spacing on one side of paper 8 X 11 
inches, and should be packed flat—not rolled or folded. The original, not carbon, 
_ copy should be sent. The original drawings, not photographs of drawings, should 
_ accompany the manuscript. Authors should indicate on the manuscript the approximate 
position of text figures. 


Manuscripts and drawings should be submitted in complete and finished form with 

_ the author’s complete address. All drawings should be marked with the author’s name. 

The Wistar Institute reserves the privilege of returning to the author for revision 

' approved manuscript and illustrations which are not in proper finished form for the 

printer. When the amount of tabular and illustrative material is judged to be 
excessive, or unusually expensive, authors may be requested to pay the excess cost. 


The tables, quotations (extracts of over five lines), and all other subsidiary matter 

_ usually set in type smaller than the text, should by typewritten on separate sheets and 
placed with the text in correct sequence. Footnotes should not be in with the text 
(reference numbers only), but typewritten continuously on separate sheets, and 
numbered consecutively. Hxplanations of figures should be treated in the same manner, 
and, like footnotes, should be put at the end of the text copy. A condensed title for 
Tunning page headlines, not to exceed thirty-five letters and spaces, should be given. 


Figures should be drawn for reproduction as line or halftone engravings, unless 
the author is prepared to defray the additional cost of a more expensive form of 
illustration. All colored plates are printed separately and cost extra. In grouping the 
drawings it should be borne in mind that, after the reduction has been made, text figures 
are not to exceed the dimensions of the printed matter on the page, 4} X 6} inches. 
Single plates may be 5 X 74 inches, or less, and double plates (folded in the middle), 
113 X 74 inches. Avoid placing figures across the fold, if possible. 


Figures should be numbered from 1 up, beginning with the text figures and 
continuing through the plates. The reduction desired should be clearly indicated on 
_ the margin of the drawing. 


I 


___ All drawings intended for photographic reproduction either as line engravings 
' (black-ink pen lines and dots) or halftone plates (wash and brush work) should be 
made on white or blue-white paper or bristol board —not on cream-white or yellow- 
tone. Photographs intended for halftone reproduction should be securely mounted 
with colorless paste — never with glue, which discolors the photograph. 


3 
i 
- Galley proofs and engraver’s proofs of figures are sent to the author, All 
no” should be clearly marked thereon, 


The journal furnishes the author fifty reprints, with covers, of the paper gratis. 
dditional copies may be obtained according to rates which will be sent the author as 


oh 
7 as the manuscript has been examined at The Wistar Institute, after acceptance. 


pas 


THIS NUMBER COMPLETES ‘vou 43, 


JOURNAL OF 
CELLULAR anv COMPARATIVE 
PHYSIOLOGY 


; JUNE 1954 


CONTENTS 


Lor B, Paas, J. C. Scort-Baxker, G. A. ZAK, E. L. BECKER AND C. F. BAXTER. 
The effect of variation in filtration rate on the urinary concentrating 
mechanism in the seal, Phoca vitulina L. Two figures 


A. AS _ANDREASEN AND T. J. B. Stier. Anaerobic nutrition of Saccharomyces 
-“eereviside. II. Unsaturated fatty acid requirement for growth in a de- 
* finbd | medium. One figure 


K. Biartipates Rao AND EpwARD D. GoLDBERG. Utilization of dissolved cal- 
cium by a Pelecypod. One figure 


J. Hypr, C. M. Rie@LE AND E. GELLHORN. The dependence of unit discharges 
on frequency and intensity of stimulation of the motor cortex in the 
macaque. Five figures 


JULIUS PRAGLIN. The excitation of single striated muscle fibers. Eleven 


A. ROSENBLUETH, J. GARC{A RAMOS AND R. Miuepi. The propagation of im- 
pulses in myelinated axons. Six figures 


Berry DANEs, G. S. CHRISTIANSEN AND P. J. LEINFELDER. Interrelationships 
between cellular respiration and cell growth in tissue culture. Three 


L. G. ABooD AND R. W. GERARD. Enzyme distribution in isolated particulates 
of rat peripheral nerve. Two figures 


G, FALK AND R. W. GERARD. Effect of micro-injected salts and ATP on the 
membrane potential and mechanical response of muscle 


E. GELLHORN, C, M. Ricchz anp H. M. BALLIN. Summation, inhibition, and 
proprioceptive reinforcement under conditions of stimulation of the motor 
cortex and their influence on the activity of single motor units 


G. Hoyr Wu1ppLE. Luminous bacteria as a radiobiological test organism. 
Two figures 


TRAKUL KITISIN AND A. 8, GILSON. The effect of changing temperature upon 
the time course of active and of passive lengthening of rabbit smooth 
muscle. Three figures 


PRESS OF 
THE WISTAR INSTITUTE 
OF ANATOMY AND BYOLOGY 
PHILADELPHIA 


Printed in the United States of America 


